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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
 
 M. truncatula is a close relative to alfalfa, the fourth most widely grown 
agricultural crop in the United States (Zhang et al., 2005). Nearly half of the 
approximately 9.04 million hectares (http://usda.gov/nass/) of alfalfa is concentrated in 
the upper Midwest and the northern Great Plains (Riday and Brummer, 2002). Winter 
hardiness is the most important trait for alfalfa grown in northern climates because it 
influences stand longevity, quality and production (Ipson 1991) and has been predicted 
by measuring fall dormancy. Fall dormancy scores of cultivars are determined by 
measuring vertical growth following the last fall cutting, with a score 1 and 11 
representing the most fall dormant and non-dormant, respectively (Teuber et al., 1998). 
Although fall dormant cultivars are desirable for survival in subsequent years, they 
generally produce little yield in autumn. In contrast, non-dormant cultivars produce 
higher yield in the establishment year but are prone to winter kill, which subsequently 
reduce yield. Therefore, improvement of both, fall dormancy and winter survival are 
important to improving yield of alfalfa in the northern region. 
 In general, phenotypic correlation between fall dormancy and winter survival are 
strongly positive in alfalfa cultivars with varying fall dormancy ratings (Schwab et al., 
1996). In contrast, a weak (Brummer et al., 2000) or no association (Busbice and Wilsie, 
1965) between the two traits was observed in studies using F1 or F2 progenies indicating  
that fall dormancy and winter survival can be improved independently. Although there is 
considerable knowledge on morphological, developmental and molecular bases of winter 
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survival, and the acquisition of freezing tolerance in alfalfa (Castonguay et al., 2006), our 
basic knowledge in fall dormancy/cold acclimation is inadequate. Time of start and end 
of acclimation response and amount of cold acclimation contributing to survival are still 
unknown in alfalfa which impedes the progresses on manipulation of cold acclimation 
processes for autumn yield improvement (Brummer et al., 2000).  
 Physiological and genetic studies for important traits are complicated by 
autotetraploidy, a large genome size and allogamy in alfalfa (Thouquet et al., 2002). M. 
truncatula is a model species for studying legume biology because it has a small genome 
size, diploidy, autogamous fertilization, rapid reproductive cycle, and several available 
cultivars (Thouquet et al., 2002). There is also high degree of synteny between M. 
truncatula and M. sativa (Choi et al., 2004). With a total of approximately 190,000 
expressed sequence tags (ESTs) available for use (May, 2004) and relative ease of 
discovering genes and their functions compared to alfalfa, M. truncatula could be used as 
a model for understanding physiological and genetic bases for differences in cold-
acclimation in alfalfa.  
 Medicago truncatula (Barrel medic) is native to the region surrounding the 
Mediterranean Sea and an important forage crop in Australian and South African pasture 
(O’Neil and Bauchan, 2003). It is one of several annual Medicago species that are 
cultivated as a smother crop for weed suppression, green manure crop, cover crop in row 
crop production or short-season forage crop (O’Neill and Bauchan, 2000). Medic forage 
is higher in crude protein and lower in fiber than alfalfa (Sheaffer, 1998).   In the north-
central USA, annual medics can produce high yields of quality forage when grown as 
short season annual crops for autumn harvest (Zhu et al., 1998). Although M. truncatula 
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does not survive winter conditions in the northern USA, it often encounters and survives 
frost, and therefore, may offer some clues about cold tolerance in alfalfa. M. truncatula is 
a model crop for studying the genetics legumes and has a potential as a short-season 
annual crop to supply forage when traditional supplies are inadequate.   
 
Thesis Organization 
 
 This thesis is organized into five chapters. Chapter one is the general introduction. 
Chapter two is an article to be submitted to Crop Science entitled “Growth variation 
among Medicago truncatula accessions under simulated autumn conditions and their 
comparison with alfalfa”. Chapter three is an article published in the Journal of American 
Society of Horticultural Sciences entitled “Applying freezing test to quantify cold 
acclimation in Medicago truncatula Gaertn.” Chapter four is an article to be submitted to 
Crop Science entitled “Cold acclimation alters soluble sugar concentration and 
composition in Medicago truncatula Gaertn.” Chapter five is the general conclusion of 
this project. 
 Chapter two compares the variation in root and shoot dry weights among M. 
truncatula accessions between simulated autumn and constant growth conditions and 
compares the results with alfalfa fall dormancy check cultivars. Chapter three describes a 
laboratory screening protocol to quantify cold acclimation in M. truncatula by applying a 
freezing test and explains differential cold acclimation regimes applied in the study. 
Chapter four describes the differences in soluble sugar concentration and composition at 
different acclimation regimes and their association with freezing tolerance.  
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Literature review 
 
Taxonomy 
 Medicago truncatula Gaertner belongs to the leguminosae family and is 
commonly known as Barrel medic. It is one of the annual legumes that are cited as 
“medics” in many literatures. There are three subspecies of M. truncatula divided based 
on pod characteristics; ssp. truncatula, ssp. tricycla and ssp longeaculata (Lesins and 
Lesins, 1979).  
Habitat and distribution  
 Lesins and Lesins (1979) described M. truncatula as an omi-mediterranean 
species native to Northern Africa (Tunisia, Algeria, Morocco), Asia-Temperate (Cyprus, 
Jordan, Turkey, Georgia, Armenia) and Europe (Ukraine, Greece, Italy, France, Spain). 
M. truncatula is an important forage crop in Australia, grown in southern Australian 
semi-arid agricultural zones where the climatic conditions match those of the 
Mediterranean region; annual rainfall between 250-500 mm, mild winters with occasional 
frosts, and summer temperatures remaining above 40°C in inland areas. The introduction 
of the species in Australia is thought be as an accidental contaminant with other seeds 
and with domestication of animals although it was naturalized following European 
migrations in the 18th century to the rest of the world (Crawford et al., 1989).  
 M. truncatula is adapted to a wide soil texture types, sandy to clayey and pH, 6 to 
8. It is intolerant to lower soil pH and low moisture because plants are not deep rooted 
(Evans et al., 1990).  
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 M. truncatula contains diverse ecotypes. Spatial analysis of a population reveals 
that subdivisions can be found in populations between transects separated by 10-50 
meters (Bonin et al., 1996) and within a sub population spatial autocorrelation can be 
found among individuals located up to 7 meters apart (Bonin et al., 2001). In a recent 
study, Ellwood et al. (2006) observed substantial diversity in core collections of South 
Australian Research and Development Institute (SARDI) with identification of more than 
90% of 192 randomly selected accessions as discrete genotypes, using six single 
sequence repeat (SSR) loci. Their data suggested the presence of unusually high dispersal 
of seeds in M. truncatula throughout the mediterranean region which could possibly be 
due to the animal or trade-related movements. 
 
Wild accessions/ populations 
 There are a total of 5703 collections of M. truncatula, collected from the centers 
of origin and centers of diversity through the effort of four major organizations; AMGRC 
(Australian Medicago Genetic resource Centre), INRA (France, Institut National de la 
Recherche Agronomique), ARS-USDA (Agricultural Research Service, United States 
Department of Agriculture) and CBBC-LILM (Laboratoire Interactions legumineuses 
Microorganismes, Centre Biotechnologie, Technopole de Borj, Tunisia) (Greene et al., 
2007). However, diversity of the collection does not equally represent the centers of 
origin. Almost 46 % of the total collected populations are from Morocco, Libya and 
Tunisia whereas the centers of origin, such as, north east mediterranean basin, south of 
Caucasus are under-represented. Thirty-four percent of wild populations come from 9 
Eastern Mediterranean Basins and 20% of the M. truncatula collections came from six 
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countries of Southern Europe. The collection of Medicago truncatula at the South 
Australian Research and Development Institute (SARDI) is known as the world’s oldest 
and the largest of all the centers (Ellwood et al., 2006).  
 Levels of genetic variation within M. truncatula populations may vary from little 
diversity when a population is composed of all homozygous genotypes, to a higher level 
when two or more heterozygous genotypes dominate the population (Bataillon and 
Ronfort, 2007).  
 
Morphology, architecture and development 
 Moreau et al. (2006) has proposed a standard system for characterization of the 
vegetative stage for phenotypic analysis. Plant consists of: (1) main axis that can be either 
elongated or be organized in a rosette; and (2) branches of different orders (primary, 
secondary branches). Plant architecture is largely affected by cultural conditions; rosette 
(prostrate plant) when they are grown in low plant density and elongated (erect plant) 
with a high plant density or with low radiation. M. truncatula has epigeal emergence. 
After cotyledons are released, leaves are developed at axils of the main axis. The two 
successive leaves are alternatively placed, on one side and on the other side of the axis. 
Primary branches develop from the axil of the main axis leaves. The first primary branch 
appears at the axil of the first developed main axis leaf or the unifoliolate leaf. Secondary 
and tertiary branches develop at the axil of leaves of secondary and tertiary branches, 
respectively. 
  Floral ontogeny of M. truncatula is unidirectional in all whorls starting from the 
abaxial position of the flower with a high degree of overlap; just the opposite to 
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Arabidopsis where sequential development takes place (Benlloch et al., 2003). The 
authors divided floral meristem development into eight different stages and described 
each stage with the aid of colored scanning electron micrograph (SEM) photographs. 
Bucciarelli et al. (2006) developed a standardized numerical coding system that enables 
easy identification of developmental stages in M. truncatula to define growth. Their 
system was successful in distinguishing phenotypic changes resulting from growth under 
nutrient stress conditions. The chronological appearances of root, shoot, and flower 
development are detailed in the paper.  
 Seed are set in pods that are compact and spiky and contain numbers of seeds 
ranging from 5-8 on average depending on growth conditions. Seeds are covered by a 
hard-coat that needs to be scarified for imbibition and germination and can be stored for a 
long time (40 years) without losing their viability if seeds are kept intact in pods without 
threshing (Crawford et al., 1989). Depending upon the genotype and environmental 
conditions, seed hardiness may vary from 10 to 100% within a seed lot (Taylor, 1996). 
 
Variation for quantitative traits 
 Genetic diversity in flowering time has been the most studied trait in M. 
truncatula. Crawford (1989) indicated that the range of flowering time was from 62 to 
148 days for accessions originated from the Mediterranean basin planted in South 
Australian environment.  A large variation in flowering time, branch length, and branch 
diameter and branch elongation rate was observed among 29 populations and lines (Julier 
et al., 2006). Although QTLs were detected for each trait in their study, strong ones 
(LOD= 10.2-18.9; R2 = 28-59.2) were found for flowering time on chromosome 7 in their 
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multi-location trials. Bonnin, et al. (1996) compared molecular marker (RAPD markers) 
with 24 quantitative traits that are associated with seedling, vegetative growth and 
reproductive traits in two populations, in order to determine the relative importance of  
natural selection in the process of differentiation. They found that populations were 
diverse in terms of the quantitative traits that were mainly related to the traits of fitness 
(flowering time, pod production) than the markers. These results suggested that trait 
variation may relate to development of local adaptation or ecotypic differentiation in M. 
truncatula collections (Batallion and Ronfort, 2006). In a study, Walsh et al. (2001) 
evaluated growth and development periods of M. truncatula cultivars developed in 
southern Australia under a southeastern Wyoming climate. Cultivars flowered from 71 to 
148 days from emergence in Australia while they flowered much earlier, within 36-73 
days in Wyoming shortening the duration of growth and development.  
 
Temperature, photoperiod and vernalization effects on flowering  
 Aitken (1955b) observed acceleration in flower initiation in Barrel medic by 
counting the nodal position of the flower cluster, using a commercial cultivar from 
Australia. She found that low temperature exposure at the seedling stage and a long 
photoperiod lowered the nodal position of the flowers, initiating earliness in flowering. 
Clarkson and Russell (1975) observed that 3 weeks of vernalization at 1°C gave the 
maximum effect on time of flowering in six annual medics, including M. truncatula. 
However, when vernalization exceeded 7 weeks, M. truncatula cv. Jemalong showed a 
very strong reversal response under a 12-hr photoperiod. High temperature also 
accelerated flowering time in Jemalong but only after the vernalization requirements 
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were met. The cultivar flowered in 38 days with vernalization and in 100 days without 
vernalization when gown at 21°C. Thus, flowering in M. truncatula appears to be 
controlled by interaction of three environmental factors: temperature, vernalization and 
photoperiod.  
 
Abiotic stresses 
(1) Water stress 
 M. truncatula is more drought-tolerant than soybean and peas but shows similar 
response to the stress as does alfalfa, both physiologically and biochemically (Rubio et 
al., 2002). Seedlings of M. truncatula grown under water stress conditions in a 
greenhouse showed a drastic reduction in the number of internodes (17%), number of 
primary branches (29%), shoot fresh weight (56%) and dry weight (48%) compared to 
non-stressed plants (Chebouti and Abdelguerfi, 2004). 
 
(2) Salt stress 
 Veatch et al. (2004) studied variation for salt tolerance among greenhouse–grown 
M. truncatula accessions exposed to saline and nonsaline irrigation at the seedling stage. 
The authors compared the shoot biomass among the accession at different salinity levels 
with nonsaline conditions.  The accessions that produced the highest fresh shoot biomass 
in saline conditions also produced highest in nonsaline conditions. The high correlation 
between the fresh biomass measured under two conditions indicated that there is no 
distinct physiological adaptation to salinity among the evaluated accessions.  
 
10 
 
 
 
(3) Cold stress 
 In the Mediterranean region, most vegetative growth occurs during winter. There 
are numerous studies focused on understanding cold response and physiological 
mechanisms for cold tolerance.  
 Hekneby et al. (2001) subjected 21-d old plants to 20/15 or 10/5°C day/night 
temperatures until 40 days to compare differences in growth parameters, proline, starch 
and sugar content among legumes. Root:shoot ratio increased in cold treated M. 
truncatula but the total dry matter, leaf area, specific leaf area, leaf area ratio did not 
differ between the two temperature treatments suggesting it to be the most cold tolerant 
among the annual legumes. Sanchez-Diaz et al. (2000) studied seedling survival in M. 
truncatula and other annual and perennial legumes grown at 10/5°C during 20 and 40 
days periods. On average, almost 75% of the M. truncatula seedlings survived the cold 
treatments without a significant difference between growth durations. M. truncatula had 
the lowest relative water content among all the species evaluated at 40 days under 
treatment. The authors found that the annual legumes concentrated more total soluble 
sugars in stems than roots and leaves which was positively correlated to relative growth 
rate and suggested that the higher total soluble sugars may relate to higher cold tolerance. 
Antolin et al. (2005) studied growth, net photosynthesis rate and chlorophyll fluorescence 
induction kinetics among annual medics under cold acclimation (10°C) and 
nonacclimation regimes. They found that M. truncatula cultivar Paraggio developed at 
10°C produced photosynthetic cold acclimation that was associated with a two-fold 
increase of quantum yield of photosystem 2 electron transport and with the activity of 
11 
 
 
stromal fructose-1, 6-bis-phosphatase (sFBPase). Growth at the low temperature 
produced higher dry matter and resulted in a 2-fold increase in stem and root dry matter 
without any changes in leaf dry matter than at 20°C. 
 Frost resistance in the M. truncatula cultivar Paraggio was assessed by growing it 
at 10/5°C and measuring the regrowth capacity after transferring to 20/15°C for 4 weeks. 
The authors concluded that the cultivar had an inefficient cold acclimation process 
because of impaired SPS activity and low starch reserves observed which resulted in poor 
regrowth in the cultivar. However, the ice nucleation temperature decreased in cold 
acclimated leaves compared to control (Hekneby et al., 2006).  Brandsæter et al. (2000) 
investigated the effects of freezing temperatures on winter annuals to evaluate their 
survival and biomass potential. The M. truncatula cultivar Parabinga cold hardened at 
2°C for 2 weeks had 100% plants survival at 0°C, 97% at -2°C while none of the plants 
survived at -9°C after they were at 18°C for 3 weeks in greenhouse. The authors 
suggested that the poor survival in the plants could be because they had already reached 
the flowering stage when frozen in the growth chamber. 
 
Importance/ agricultural value 
(1) Model species 
 Because most agriculturally important legume crops such as alfalfa, clover, pea 
and soybean are difficult to analyze genetically due to characteristics such as polyploidy 
(soybean, alfalfa), large genomes (pea, soybean) and lack of efficient methods for 
tansgenesis (pea, soybean), studying a model legume offers opportunities to analyze plant 
physiological processes, symbiotic and plant-pathogen interactions for the process of 
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atmospheric dinitrogen fixation (Penmetsa and Cook, 2000). M. truncatula demonstrates 
higher levels of nucleotide sequence conservation and similar genetic organization to 
alfalfa, pea, chickpea and clover which makes transfer of its genome information possible 
to these species (Doyle et al., 1996; Thoquet et al., 2002). Penmetsa and Cook (2000) 
reported efficient mutagenesis in M. truncatula with the development and 
characterization of three developmental mutants that could be useful tools for efficient 
molecular genetic studies in the model legume and for identifying genes that are 
associated with diverse developmental processes.  
 When primer pairs designed from expressed sequences tags (ESTs) from M. 
truncatula containing simple sequence repeats (SSR) were screened in alfalfa, high levels 
of polymorphism were detected for the markers indicating that the markers developed 
from M. truncatula could be valuable genetic markers for alfalfa (Eujay et al., 2004).  
Some attempts of isolating genes of desired alfalfa traits are already underway from M. 
truncatula using the molecular genetic linkage map. Sledge et al. (2005) studied 301 M. 
truncatula accessions from the USDA National Plant Germplasm System, in a 
hydroponics approach with a long-term goal of identifying aluminum (Al) tolerance 
genes to be used for alfalfa improvement. They found variation in relative root growth 
from 0.35 to 1.09 indicating that sufficient variation exists within the collection to select 
sensitive and tolerant accessions that could be used to identify QTL for Al tolerance.  
 
 (2) Animal food/ forage crop 
 M. truncatula is a potential pasture crop that produces high levels of good quality 
forage. In Southeastern Wyoming, M. truncatula cultivars; Caliph, Mogul and Paraggio 
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produced 1.6, 3.1 and 4.0 t ha-1 mean dry matter yield (3 years) when grown in the 
summer of southeastern Wyoming. The crude protein levels ranged from 197 to 198 g kg-
1 and the relative feed values from 192 to 219 were comparable among the cultivars and 
other annual legumes. Based on these results on yield and forage quality, the authors 
suggest that most of the annual medic cultivars would be well suited for livestock 
production (Walsh et al., 2001).    
 
(3) Cover crop 
 In organic farming, growing legume cover crops as living mulches are a 
sustainable weed-control strategy. Annual medics have a potential as a cover plants in 
corn production (De Haan et al. 1997, Jeranyama et al., 1998). Fisk et al. (2000) studied 
M. truncatula in a winter wheat/corn rotation to evaluate it for weed suppression ability 
in a no-till cropping system. The no-till seeded cover crops reduced density of winter 
annual weeds by 41 to 78% when compared with no cover control while the weeds dry 
weights were lowered by 80%. Dry weights of annual weeds before corn planting were 
reduced by 70% following the cover crop. With these results, the authors concluded that 
the M. truncatula has an excellent potential to reduce weed density and growth in no-till 
corn grain system.  
 The M. truncatula cultivar Salernes suppressed monocotyledon, dicotyledon and 
spring-germinated and annual weeds by the time of wheat (Triticum aestivum L.) anthesis 
but was less effective compared to other legumes due to lower survival in winter. De 
Haan et al. (2002) evaluated different annual medics including M. truncatula for upper 
Midwest agroecosytems to study desirable traits such as shade tolerance, growth habit 
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and potato leafhopper yellowing. None of the medics possessed of all the traits but all 
were present within the germplasms suggesting that development of cultivars for the 
region could be achieved through breeding.  
 In the Northern Great Plains, annual medics have potential as self regenerative 
pasture crops in rotation with wheat in integrated crop-livestock systems. In a study 
conducted by Walsh et al. (2001), annual medics including 3 cultivars of M. truncatula 
produced high forage quality and yielded high dry matter suitable for livestock 
production. Cultivars Caliph, Mogul and Paraggio produced 10491, 79227, and 9993 
seed m-2, respectively, averaged over three seasons in Wyoming conditions which were 
more than the minimum level (4000 seed m-2) for a viable annual medic seedbank. The 
authors suggested that the levels of seed production of the evaluated cultivars are 
adequate for establishment of a viable seedbank that would allow regeneration for a 
number of years.  
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CHAPTER 2. GROWTH VARIATION AMONG MEDICAGO TRUNCATULA 
ACCESSIONS UNDER SIMULATED AUTUMN CONDITIONS AND THEIR 
COMPARISON WITH ALFALFA 
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Babita Thapa, E. C. Brummer and Allen Knapp 
 
Abstract 
Annual medics have potential as a short-season annual crop to supply forage when 
traditional supplies are inadequate and as a model crop for studying the genetics of 
legumes. Assessing growth variation among M. truncatula under autumn conditions is an 
important first step for improving M. truncatula yield and identifying potential as a 
winter annual forage. Our objective was to identify the variation in dry matter 
accumulation in roots and shoots of M. truncatula accessions under simulated autumn 
(SAC) and constant growth conditions (CGC). Thirty-five M. truncatula accessions 
chosen for high biomass and winter vigor from various areas of collection/origin, and five 
fall dormancy checks of alfalfa were used for this study. Seeds were planted in the 
greenhouse and four weeks later seedlings were transferred to growth chambers under 
SAC and CGC growth conditions. Root dry weight and shoot dry weight were recorded 
after the treatment period. The time to first flower of the genotypes was also recorded. 
Genotypes differed for dry weights and first flowering. Root and shoot dry weights of the 
accessions were higher under modulated autumn conditions than under constant growth 
temperature. Accessions grown at constant temperature (25°C) flowered earlier compared 
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to simulated fall conditions. The geographic origin of the accessions used in this study 
did not appear to indicate growth traits but to time first flower, in some instances. The 
results revealed the presence of exploitable yield variation among M. truncatula 
accessions. M. truncatula has potential as annual forage for harvest in fall. The 
differential growth performances observed in some of the accessions may also provide 
interesting materials for future genetic studies. 
 
Introduction 
Medicago truncatula Gaertn., barrel medic, is an annual relative of alfalfa (Medicago 
sativa L.) originating in the Mediterranean basin (Lesins and Lesins, 1979). It is one of 
several annual Medicago species, collectively denoted “medics,” that are cultivated to a 
limited extent as a smother crop for weed suppression, green manure crop, cover crop in 
row crop production, or short-season forage crop (O’Neill and Bauchan, 2000). Medic 
forage is higher in crude protein and lower in fiber than alfalfa (Sheaffer, 1998). 
Although M. truncatula has less agronomic value than alfalfa, its small genome and short 
generation time makes it useful as a model crop for legume genomics (Gallardo et al. 
2003). Currently, the euchromatic gene space is being sequenced (Roe and Kupfer, 2004) 
and a host of genomics tools have been developed and are available, some of which - e.g., 
molecular markers - are directly applicable to alfalfa improvement (Eujayl et al., 2004).  
Two traits of importance for commercial production of M. truncatula are biomass 
yield and cold (frost) tolerance. Medics generally produce less dry matter when grown at 
cool temperatures (10°C) compared to those grown at 20°C, but among the annual medic 
species evaluated, M. truncatula var. Paraggio showed no significant change in total dry 
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matter and was the most cold tolerant (Heckney et al., 2001). In a later experiment, 
Paraggio actually had higher stem and root dry matter yield under the lower temperature 
condition (Antolin et al., 2005). The highest yielding medic cultivars had an extended 
period of vegetative growth (Walsh et al., 2001), indicating that flowering time affects 
biomass production. Similarly, in southeastern Wyoming, M. truncatula ecotypes were 
less affected by seasonal influences and maintained higher plant densities than other 
medic species (Walsh et al., 2001). Temperature and photoperiod affect flowering time in 
annual medics (Clarkson and Russell, 1975).  Generally, M. truncatula responds to 
photoperiod and temperature by flowering earlier under lengthening photoperiods and 
increasing temperatures (such as occurs during spring) and by flowering later under the 
opposite conditions, which occur in autumn (Clarkson and Russell, 1975).  
Improved forage yield, especially in late summer and autumn, and cold tolerance 
for winter survival, are also breeding goals for alfalfa, suggesting that M. truncatula 
could be used as a model to help dissect the genetic control of these two traits. The 
genetic control of late season biomass yield and cold tolerance are intertwined, and 
simultaneously improving both traits is difficult (Busbice and Wilsie, 1965; Sheaffer et 
al., 1992, Brummer et. al., 2004). Falling temperatures and shortening photoperiod during 
the autumn induce cold acclimation in alfalfa plants, thereby increasing their freezing 
tolerance but concurrently slowing their rate of biomass accumulation (Castonguay et al., 
2006). Cold acclimating alfalfa cultivars are considered to be “fall dormant” and typically 
have higher winter survival but lower forage dry matter yield than non-cold acclimating 
(aka, “nondormant”) cultivars (Brummer et al., 2000).  
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 Using the annual M. truncatula as a model system to study the genetic control of 
these traits in alfalfa biology faces some hurdles. Most obviously, annual plants do not 
have overwintering structures, like the alfalfa crown, that need to be maintained under 
cold temperatures.  Similarly, the root-shoot ratios of annual plants are typically smaller 
than for perennials, which expend more photosynthate on the development of roots to 
help aid winter survival.  Thus, because growth and dry matter allocation patterns among 
vegetative organs differ in annual and perennial life forms (Jackson and Roy, 1986), we 
expect that M. truncatula and alfalfa may show somewhat different responses to the 
autumn environment. The cold acclimation response and resulting fall dormancy in 
annual medics are not known.  
We hypothesized that exploitable genetic variation for biomass production is 
present among the M. truncatula accessions and that the growth response of M. 
truncatula to simulated autumn conditions may mirror those seen in alfalfa sufficiently to 
use the former as a model for the latter. The objective of this paper was to test these 
hypotheses by evaluating a diverse set of M. truncatula accessions and several alfalfa 
check cultivars under constant and simulated autumn growth conditions in controlled 
environmental chambers.  
 
Materials and Methods 
Seed of M. truncatula accessions were obtained from the United States Department of 
Agriculture National Plant Germplasm System (NPGS), Western Plant Introduction 
Center, Pullman. Among the 324 accessions available at the station, 33 were selected that 
covered a range in winter vigor and biomass yield based on the data in the Germplasm 
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Resources Information Network (GRIN) (Table 1). Most of the accessions were 
collections that derived from the area of origin for the species, except PI 197341 and PI 
442892, which are cultivars from Australia. In addition, seeds of the two breeding lines, 
DZA 31-16 and Jemalong-6, were obtained from INRA (The National Institute for 
Agricultural Research, Mauguio, France). Seed of five M. sativa cultivars, which serve as 
checks in the standard evaluation protocol for fall dormancy (Teuber, et al., 1998), were 
also obtained from the NPGS.   
 Seeds were scarified with medium grain sandpaper one day before seeding.  Six 
16-cm tall plastic pots ( ≈ 2500 cm3) containing Sunshine Professional growing mix 
(SB300 Universal Mix, Sun Gro Horticulture Inc., Bellevue, WA, USA) were each 
planted with fifteen seeds for each accession. The pots were placed in the greenhouse 
under 25/20 ± 2°C day/night temperature with a 16 h photoperiod and watered daily. 
After 4 wk, the number of seedlings that emerged in each pot was counted and for one 
seedling per pot, stem length, fresh weight and dry weight was measured.  All pots were 
then thinned to 3 seedlings per pot. 
 At this point, the pots were assigned to a growth condition treatment and moved 
into one of two controlled environment chambers. Each growth chamber had 3 
replications of each accession arranged in a randomized complete block design. One of 
the two chambers was set at constant temperature of 25/20°C day/night with 14 h of light 
(constant growth condition treatment, CGC). The temperature and the photoperiod of the 
other chamber was changed on a weekly basis to simulate the progressive temperatures 
and photoperiods experienced in autumn in central Iowa, USA (simulated autumn growth 
condition treatment, SAC). The conditions used were the 20-yr mean temperatures and 
26 
 
 
the photoperiod recorded in Ames Iowa. This treatment began with 24/16°C day/night 
temperature and 12 h 57 min photoperiod in the first week and decreased to 16/3°C 
day/night temperature and 11 h 55 min photoperiod at the last week of the treatment.  
Temperature and photoperiod were adjusted weekly.  Growth chamber temperatures were 
monitored using a HOBO logger (Onset Inc. Pocasset, MA, USA). Light intensity at the 
top of the plant canopy in both chambers was routinely monitored by a quantum sensor 
(LI-185, Li-COR Inc., Lincoln, NE, USA) and was maintained at 400 µ mol m-2 s-1 
Photosynthetic Photon Flux density (PPFD) by raising the light bank appropriately as 
plants grew. Plants were fertilized with a 1:100 ratio of Miracle Grow [15:30:15 N:P:K, 
33µL L-1 Ca, 13 µL L-1 Mg, (The Scotts Miracle-Gro Company, Marysville, OH, USA)] 
water, with 250 ml added per pot every other week. Plants were watered daily.   
 After seven weeks of the SAC and CGC treatments, pots were removed from the 
growth chambers. Plants were removed from the pots and roots carefully washed to 
remove soil particles. Roots and shoots were separated and the total fresh root and shoot 
weights per pot were measured. The root and the shoot samples were dried at 60°C for 72 
h and weighed. Total dry matter yield per pot was recorded and yield on a per plant basis 
was computed by dividing the yield by the number of plants per pot (although most pots 
had three plants, in a few instances, one or two plants died during the experiment).  
Prior to harvest, flowering of the accessions was recorded on a weekly basis using 
a scale of 1 to 8, with 1 for the accessions that began flowering in the first week and 8 for 
those that did not flower during the course of the experiment. Stem length (SL) was 
measured on an individual plant at the last week of the treatments by measuring length of 
the first primary branch in M. truncatula accessions, and from the soil surface to the top 
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of the canopy in alfalfa in a manner analogous to the fall dormancy standard test. The 
entire experiment was repeated twice, as blocks, with the temperature/photoperiod 
regimes switched between growth chambers.  
For statistical analysis, the genotype and growth conditions were considered to be 
fixed effects, while blocks and replicates were considered to be random.  An analysis of 
variance was conducted for each trait, with the sources of variation being growth 
condition, genotype and their interaction using PROC GLM of the SAS (9.1) statistical 
software package (SAS Institute, Inc., 2002). Significance of each source was determined 
by an F-test. Comparisons were made between alfalfa and M. truncatula using a single 
degree of freedom contrast. Analyses were performed separately for alfalfa cultivars and 
M. truncatula accessions for purposes of comparing means among entries and for 
correlations among traits. Differences between the treatment means were separated by 
Fisher’s protected least significance (LSD) test at the 5% probability level. Based on 
individual accession means, the Proc CORR procedure was used to calculate phenotypic 
correlations. Excluding the Australian cultivars, accessions were placed into East and 
West groups depending on their origin (accessions ≤9° E longitude were considered West 
and ≥10° E as East) and the groups were contrasted for the measured traits.   
In order to assess relationships among the 35 M. truncatula accessions for these 
quantitative traits, a principal component analysis (PCA) was conducted including 12 
quantitative traits (root dry weight, shoot dry weight, total dry weight, stem length, 
root:shoot ratio, and time to first flower each measured under constant and simulated 
autumn conditions) to examine relationships among the accessions. The PCA output was 
used to develop a distance matrix among the accessions which could subsequently be 
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used in a cluster analysis to visualize the relationships among accessions.  The distance 
among accessions was developed using PROC Distance by weighting each principal 
component by the proportion of variance each explained. Ward’s method of hierarchical 
cluster analysis was used to produce clusters, which were visualized using PROC Tree. 
Major clusters of the dendrogram were analyzed using a one-way analysis using PROC 
ANOVA for their characterization based on the 12 quantitative traits. Throughout the 
results and discussion, statistical significance was assessed at the 5% probability level, 
unless noted otherwise. 
Results 
The growth condition by accession interaction was significant for root dry weight, shoot 
dry weight, total dry weight, root-shoot ratio and time to first flower, and consequently, 
we analyzed each growth treatment separately. The interaction was not significant for 
stem length. All traits except root-shoot ratio differed between the two growth conditions 
(data not shown). Overall, root and shoot dry weights increased under SAC compared to 
CGC while root-shoot ratio remained the same (Table 2). M. truncatula plants grown 
under CGC had longer stems and flowered earlier than under SAC.  The M. truncatula 
accessions differed for all traits (data not shown), with a wide range of variation observed 
(Table 2).  
Alfalfa cultivars differed for all the growth traits (data not shown), but the effect 
of growth condition was only observed for stem length and time to first flower.  The most 
dormant cv. Vernal had the largest reduction (7 cm, P= 0.02) in stem length under SAC 
when compared to CGC and UC 1887 which had the smallest reduction (1 cm, P=0.49). 
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Over all, alfalfa grown under CGC flowered earlier and had longer stems than when 
grown under SAC, similar to the results observed for M. truncatula (Table 2). 
 Within each growth condition, root and shoot dry weight were positively 
correlated with each other and each was highly correlated with total dry matter as 
expected (Table 3).  Stem length was positively correlated with shoot dry weight in both 
of the growth conditions while it was also correlated with total dry weight in CGC.  
Under SAC, root dry weight and root:shoot ratio were positively correlated with the time 
to first flower; neither correlation was noted under CGC. 
 We compared M. truncatula accessions based on their latitude and longitude of 
origin and also contrasted M. truncatula with M. sativa for each of the quantitative traits 
(Table 4) using the data from both the growth conditions. Accessions from west of  9° E 
longitude produced more shoot dry weight and longer stems and flowered earlier than 
those accessions to the east. An almost 2 wk delay in the first flowering was observed in 
accessions originating from ≥40° N compared to <40° N latitude. However, variation in 
dry weight was not associated with the continent from which the M. truncatula 
accessions derived. Accessions from European countries flowered later than the African 
or Australian accessions.  
M. truncatula and M. sativa differed for all traits, especially shoot dry weight and 
time to first flower (Table 4). M. truncatula accessions had higher shoot and total dry 
matter after 11 wk and developed longer stems, while root dry weight and root:shoot ratio 
were higher for alfalfa cultivars. Alfalfa cultivars, on average, flowered later than M. 
truncatula accessions; in fact, under simulated autumn conditions, none of the alfalfa 
cultivars flowered during the study period (Table 2). 
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 Relationships among M. truncatula accessions were evaluated using principal 
components analysis of the twelve quantitative traits measured under the two treatments. 
The entire variance was accounted for by nine principle components (PCs), with the first 
three PCs cumulatively accounted for 73% of the total variance (Table 5). PC1 explained 
42% of total variation among accessions and primarily included dry weight and 
root:shoot ratio variables (Table 6). Twenty percent of the total variation was associated 
with differences in shoot growth among accessions as indicated by positive loading for 
shoot dry weight and stem length for both treatments in PC2.  Variation in stem length 
among the accessions and differences in flowering time between the two treatments 
(negative loading in CGC and positive in SAC) accounted for 11% of the variation in 
PC3. Two dimensional plots did not show any clear distribution of accessions, as has 
been shown for PC1 vs. PC2 in Fig. 1. Therefore, cluster analysis was performed to 
further characterize the accessions using the nine PCs.   
 In the cluster analysis, accessions were clearly grouped into four main clusters 
(Fig. 2). The first cluster had 11 accessions originated from various countries (35 to 56° 
N lat) that produced higher dry weights, higher root:shoot ratio but was late to first flower 
compared to rest of the accessions in other clusters (Table 6) in both the growth 
conditions. The second cluster was composed of six accessions of which only three were 
originated from the Mediterranean region. In contrast to the first cluster, these accessions 
produced low dry weights and flowered early regardless of the growth conditions. 
Accessions in cluster three produced lower total dry weights than the first cluster in both 
growth conditions due to reduced root dry weights. While the accessions in the first and 
the third cluster flowered at the same time in SAC, the later flowered earlier in CGC. The 
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fourth cluster produced similar dry weights and stem length as the third cluster except for 
flowering time and RS ratio. These two clusters differed in their response to the 
treatments for the time to first flower. Accession in the third cluster delayed flowering in 
SAC compared to CGC while fourth cluster accessions did not show such changes. 
 
Discussion 
M. truncatula accessions vary substantially for growth characteristics and time to first 
flower when grown as seedlings under either constant growth or simulated autumn 
conditions. This is not surprising as annual medics are known to be highly adaptive to 
diverse temperatures and locations (Crawford et al., 1989). The majority of the 
accessions used in the study were wild collections whose diverse genetic backgrounds 
likely provide the differential environmental adaptations to explain the observed growth 
differences. The accessions grown under simulated autumn conditions resulted in higher 
dry weights than those grown under constant growth conditions. This result supports the 
previous observation in M. truncatula cv. Paraggio, where plants grown at 10°C obtained 
comparable leaf dry weight but higher root and stem dry weights compared to 20°C 
through an efficient photosynthetic acclimation (Antolin et al., 2005). In the 
Mediterranean climate, annual legumes grow during the cool season when rain is 
possible, avoiding the dry summer months (Sultan et al. 2001) and therefore they may 
have developed differential abilities in cold tolerance in the process of gradual adaptation 
to the low temperatures. Variation in shoot biomass and dry weights among 21 M. 
truncatula accessions have been reported in an assessment of salt tolerance (Veatch et al. 
2004). 
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 Differences in flowering time between far northern to northern, and also between 
eastern to western originated accessions (Table 4) indicate the influence of environmental 
factors for the transition from vegetative to flowering stage and adaptation to different 
native environments. Flowering in M. truncatula is accelerated by vernalization, long 
days, and high temperature, and interactions among these processes can further modulate 
flowering time (Clarkson and Russell, 1975). The critical photoperiod to stimulate 
flowering is between 12-18 h. A photoperiod greater than 18 h stimulated flowering 61 d 
earlier in Jemalong than 12 h (Clarkson and Russell, 1975). We observed a week delay 
on average in the first flowering under SAC compared to CGC plants. Delay in flowering 
increased the root matter of the plants and favored the partitioning of dry matter to roots 
over shoots and increase root:shoot ratios, as indicated by its positive correlation with the 
two traits in SAC plants. Dry matter production in annual medics is related to periods of 
growth and development where high yielding cultivars show an extended period of 
vegetative growth (Walsh et al., 2001). The greatest transfer of net fixed carbon in roots 
occurs at the vegetative stage (Swinnen et al., 1995). Therefore, a longer vegetative 
period enables plants to produce higher root dry weights than a short period (Rees et al., 
2005).  
 We showed that M. truncatula accumulated more dry matter than perennial M. 
sativa. The higher root dry weights and root-to-shoot ratio of M. sativa compared to M. 
truncatula may be associated with the differences in their resource allocation pattern 
associated with different life forms. Theoretical models for growth and development 
predict an instant switch from vegetative to flowering growth in annuals (King and 
Roughgarden, 1983) while perennials show a complex pattern between growth stages 
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involving plant age and resource status (Kozlowski, 1992). Growth analysis based on 
seven congeneric annual and perennial grass species revealed that annuals had higher 
relative growth rates, relative leaf production ratesand unit leaf area rates than perennials 
(Garnier, 1992). Annual plants allocate a higher amount of biomass to shoots to sustain 
high growth (Jackson and Roy, 1986). Perennials accumulate high proportions of 
biomass in roots to support the tall shoots, survive when carbon export is minimal, 
support regrowth in the subsequent year and tolerate a wide fluctuation of soil 
temperatures (Essenstate, 1997).   
 The PCA was successful in isolating groups from the total accessions based on 12 
quantitative traits. M. truncatula accessions grouped into four major clusters in this study, 
suggesting a strategy for selecting a subset of accessions for further study (Fig. 2). The 
clustering pattern corresponded more closely to average growth traits and flowering date 
( Table 6), as indicated by  the allotment of accessions from similar locations into 
different clusters ( e.g. accessions from Morocco where located in I, III and IV clusters). 
While other evidence proved that quantitative traits in some M. truncatula accessions are 
associated with their adaptation to their ecological conditions as accessions from similar 
geographical locations are grouped into the same cluster (e.g. cluster I included far 
northern originated accessions). Our results are somewhat consistent with a study of 350 
natural populations collected around the Mediterranean basin and 231 introductions from 
Australia wherein the authors identified four main clusters (Ronfort et al., 2006). The 
genotypes in their study revealed a large amount of genetic diversity and allelic variation. 
In addition, clustering of the accessions also occurred based on ability to alter the 
phenotypic traits in response to growth conditions evident by comparison between 
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clusters I and III that flowered at different times in CGC flowered at the same time in 
SAC. Both the clusters showed acclimation behavior with the reduction in stem length 
but the accessions in the first did it without the change in flowering time and lower dry 
weights reduction than cluster II accessions. These results may imply that M. truncatula 
accessions vary in their ability to avoid cold temperature stress and cold tolerance. 
 In this study, alfalfa checks demonstrated fall dormancy behavior as indicated by 
reduced stem length in SAC compared to CGC and ranked according to their dormancy 
rating, except no clear distinction was seen between ABI 700 and Pierce. Similarly, most 
of the M. truncatula accessions had reduced stem length in SAC condition. Additionally, 
both M. truncatula and M. sativa showed a delay in flowering time in SAC. These results 
may suggest that M. truncatula may respond to fall weather conditions and undergo 
gradual physiological changes to improve cold tolerance, similar to the autumn dormancy 
acclimation response commonly observed in winter hardy alfalfa cultivars.   
 A number of accessions that displayed unique phenotypic characteristics in the 
study may be of interest for the future studies. A few accessions, PI 464815 (Turkey), W6 
6096 (Germany), W6 5018 (Italy), PI 577434 (Tunisia) and W6 6076 (Morocco) did not 
flower under either growth condition suggesting  they have a long period of vegetative 
growth which was not applied in this study. In contrast, W6 5983 (Cyprus) was the 
earliest to flower regardless of growth conditions. These accessions could be useful for 
understanding genetic and environmental control of flowering of M. truncatula. 
Accessions PI 516931 and W6 5018 had the most erect plant type with a tall main axis. 
Jemalong-6 displayed the most dormant phenotype upon simulated autumn treatment 
with a greatly reduced main axis, condensed internodes with many tiny leaves around the 
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axis and had pigmentation on leaves, unlike the rest of the accessions. Accession W6 
6143 (Algeria) had profuse root growth and a high root:shoot ratio. Other accessions, 
including W6 4980 (France), PI 319051 (Spain), PI 442892 (Australia), W6 6029 (Italy) 
and W6 5018 (Italy), did not reduce stem length in SAC compared to CGC. These results 
suggest that accessions may show differences for cold tolerance and for environmental 
signals to cold acclimate. 
 In conclusion, our results revealed the existence of a high level of genetic 
diversity in dry weights and time to first flower among M. truncatula accessions, and 
among accessions within the same geographical location. Time to first flower was the 
only trait that differed between contrasting locations and between the growth conditions 
which may suggest that M. truncatula has wide adaptation abilities to diverse 
environments. The annual M. truncatula and perennial M. sativa showed different growth 
behavior based on the traits that may be associated with their growth habit, but 
nevertheless, displayed similar responses (e.g. delay in time to first flowering and 
reduction in stem length) in simulated autumn conditions, indicating M. truncatula 
accessions may undergo cold acclimatization in autumn weather conditions similar to 
alfalfa and may have considerable cold tolerance. This was further confirmed by high dry 
weights observed in simulated autumn conditions used in the study. Overall, it appears 
that M. truncatula has potential to help explain genetic differences in autumn yield and 
cold tolerance of other legumes, including alfalfa. 
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Table 1.Country of origin, latitude, and longitude of the M. truncatula accessions and            
alfalfa dormancy checks used in the study. 
Entry No. Accession Origin            Latitude Longitude 
Medicago truncatula 
1 W6 5018  Italy  41°28' N 013°11' E 
2 PI 197361 Australia†  35°16' S 139°27' E 
3 PI 516931 Morocco 33°46' N 007°15' W 
4 PI 535648 Tunisia  N  W 
5 W6 4996  Greece 38°00' N 023°44' E 
6 W6 5974 Greece 35°22' N 025°10'  E 
7 W6 5983 Cyprus 35°15' N 033°29'  E 
8 W6 5987 Cyprus 34°40' N 032°56'  E 
9 W6 6027 Malta  35°58' N 014°22'  E 
10 W6 6076  Morocco 33°46' N 006°39'  W 
11 W6 6000 France  42°05' N 009°30' E 
12 W6 6018   Germany†   N  E 
13 W6 6029 Italy  41°49' N 016°12'  E 
14 W6 6035  Spain  N  W 
15 W6 6048 Tunisia 34°58' N 008°35'  E 
16 PI 197341 Australia†‡   S  E 
17 PI 384636 Morocco  32°03' N 008°29'  W 
18 W6 4980 France 42°46' N 002°42'  E 
19 W6 6096 Germany†   N  E 
20 W6 6143 Algeria 35°26' N 001°46'  E 
21 W6 6108 Italy 46°02' N 012°52'  E 
22 PI 319051  Spain 41°05' N 004°19' W 
23 PI 384635 Morocco 34°27' N 006°29' W 
24 PI 442892 Australia†‡  S  E 
25 PI 464815  Turkey   N  E 
26 PI 516925  Morocco  33°36' N 007°05' W 
27 PI 516942  Morocco 32°29' N 007°12' W 
28 PI239873 Algeria  36°28' N 003°00'  E 
29 PI 239877  Morocco  31°14' N 008°14' W 
30 PI 577643  Malta  N  E 
31 PI 577639  Sweden† 56°18' N 016°28' E 
32 PI 577434  Tunisia 35°51' N 009°12' E 
33 PI 517256 Ethiopia†‡  S  E 
34 DZA319-16 France      
35 Jemalong -6 France‡     
Alfalfa Checks 
36 ABI 700      
37 Vernal      
38 Pierce      
39 Legend      
40 UC 1887           
† Collections from country not bordering the Mediterranean sea 
‡ Entries donated from the country 
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Table 2. Ranges, means and standard deviations (SD) of growth and flowering traits† of 
M. truncatula accessions and M. sativa standard cultivars in simulated autumn (SAC) 
and constant temperature conditions (CGC). Mean separation was performed 
separately for M. truncatula and M. sativa genotypes.  
 
 
†RDW (root dry wt., g plant-1), SDW (shoot dry wt., g plant-1), TDW (total dry wt., g plant-1), RSR (root-
to-shoot ratio), SL (stem length, cm) and FF (time to first flower, week). 
 
‡Mean columns of SAC and CGC with same lowercase letters were not significantly different for the 
corresponding trait based on LSD values (P =0.05). 
 
§no flowering occurred within the treatment period 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Trait Simulated autumn condition (SAC) 
  
 Constant temperature condition (CGC) 
  Mean ± SD  Range Mean ± SD  Range  
 
M. truncatula     
RDW, g plant-1    0.69 ± 0.20a‡  0.18-1.17   0.60 ± 0.16b 0.63-1.43 
SDW, g plant-1  2.07 ± 0.25a  1.20-2.90   1.50 ± 0.30b 0.60-2.50 
TDW, g plant-1  2.74 ± 0.34a  1.50-3.80   2.10 ± 0.39b 0.70-3.90 
RSR  0.31 ± 0.11a  0.16-0.56   0.38 ± 0.12a 0.19-0.57 
SL, cm 31.40 ± 5.21b 21.00-45.00 36.00 ± 5.40a 30.00-43.00 
FF, wk   4.82 ± 1.00b 0.00-5.00   3.67 ± 0.50a   0.00-4.50 
 
M. sativa      
RDW, g plant-1   0.62 ± 0.10a   0.47-0.78  0.75 ± 0.21a 0.34-1.06 
SDW, g plant-1   1.07 ± 0.19a   0.70-1.30  1.14 ± 0.21a 0.60-1.20 
TDW, g plant-1   1.69 ± 0.19a 1.40-1.90  1.88 ± 0.47a 0.90-2.20 
RSR   0.65 ± 0.20a   0.49-0.98  0.78 ± 0.17a 0.51-0.98 
SL, cm 29.89 ± 2.10b  24.40-36.00 32.19 ± 2.50a  29.85-37.68 
FF, wk   0.00 ± 0.00a    0.00-0.00§   4.00 ± 1.10b  0.00-5.00 
  
Table 3. Pearson’s correlation coefficients for growth and flowering traits† of 35 M. truncatula accessions grown in simulated 
autumn (SAC) and constant growth conditions (CGC). 
 
 
 
 
 
*Significance at the probability level of 0.05 
**Significance at the probability level of 0.01 
***Significance at the probability level of 0.001 
 
† RDW (root dry wt., g plant-1), SDW (shoot dry wt., g plant-1), TDW (total dry wt., g plant-1), RSR (root-to-shoot ratio), SL (stem length, 
cm) and FF (time to first flower, week). 
Trait 
  
Simulated autumn condition (SAC) 
   
  
Constant growth condition (CGC) 
 
  SDW TDW RSR SL  FF  RDW SDW TDW  RSR  SL  FF 
SAC 
   
 
  
 
     
 
  RDW 0.56*** 0.81***  0.76*** -0.01   0.35*   0.57*** 0.32 0.47**  0.41*   0.01   0.11 
  SDW  0.93*** -0.07  0.41* - 0.15   0.54** 0.53** 0.58***  0.18   0.20   0.35* 
  TDW    0.25  0.17   0.04   0.56** 0.45* 0.56***  0.29   0.13   0.22 
  RSR    -0.14   0.55***   0.21 0.01 0.21  0.50**  -0.19  -0.08 
  SL      -0.12   0.13 0.36* 0.24 -0.05   0.62***   0.33 
  FF        0.19 0.40* 0.25  0.38*  -0.09   0.54** 
CGC             
  RDW        0.76*** 0.91*** 0.77***   0.27  0.17 
  SDW         0.95*** 0.27   0.34*  0.14 
  TDW          0.50**   0.36*  0.16 
  RSR            -0.09  0.14 
  SL             -0.01 
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Table 4. Contrasts, among M. truncatula accessions based on origin and with M. sativa 
cultivars, their mean squares and significance on growth and flowering traits† of 
simulated autumn and constant growth conditions.  
 
 
   Trait    
 
Contrast RDW SDW TDW RSR SL FF 
       
European Vs African 0.01 0.01 0.01 0.00   16    2.52* 
East (≥010°E) Vs West(004°W- <010° E) 0.02 3.32** 3.83* 0.06 894***  56.91*** 
North <40° Vs North ≥40°  0.08 0.32 0.58 0.01 160  93.25*** 
Australian Vs other truncatula 0.04 0.11 0.27 0.01   72    1.83* 
M. sativa Vs M. truncatula 0.24* 3.52*** 1.85* 1.39* 126*  34.42*** 
              
*Significance at the probability level of 0.05. 
**Significance at the probability level of 0.01.      
***Significance at the probability level of 0.001. 
 
      
†RDW (root dry wt., g plant-1), SDW (shoot dry wt., g plant-1), TDW (total dry wt., g plant-1), RSR (root-
to-shoot ratio), SL (stem length, cm) and FF (time to first flower, week). 
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Table 5. Eigenvectors and the principal components of 12 quantitative traits in M. 
truncatula accessions at simulated autumn condition (SAC) and constant growth 
condition (CGC). 
 
 
Traits† Principal Component 
 1 2 3 4 5 6 7 8 9 
RDW (SAC) 0.41 -0.11 -0.17  0.09 -0.20 -0.15 -0.00 -0.01 -0.42 
SDW (SAC) 0.28  0.36 -0.37  0.04  0.06  0.28  0.24  0.11  0.40 
TDW (SAC) 0.37  0.21 -0.33  0.07 -0.03  0.13  0.16  0.07  0.11 
RSR (SAC) 0.27 -0.41  0.09  0.14 -0.32 -0.40 -0.13 -0.07  0.64 
SL(SAC) 0.05  0.41  0.37  0.46 -0.03 -0.21 -0.19  0.62 -0.03 
FF (SAC) 0.17 -0.37  0.35  0.11  0.35 -0.00  0.74  0.17 -0.31 
RDW (CGC) 0.41 -0.11 -0.17  0.09 -0.20 -0.15 -0.00 -0.18 -0.42 
SDW (CGC) 0.32  0.21  0.16 -0.33  0.39 -0.27 -0.17 -0.13  0.17 
TDW (CGC) 0.35  0.13  0.25 -0.38  0.27 -0.06 -0.17 -0.05 -0.14 
RSR (CGC) 0.23 -0.24  0.31 -0.32 -0.32  0.63 -0.21  0.32  0.05 
SL(CGC) 0.11  0.37  0.48  0.23 -0.33  0.19  0.19 -0.61 -0.11 
FF (CGC) 0.15 -0.25 -0.31  0.55  0.49  0.36 -0.41 -0.22  0.00 
 
 
†RDW (root dry wt., g plant-1), SDW (shoot dry wt., g plant-1), TDW (total dry wt., g plant-1), RSR (root-
to-shoot ratio), SL (stem length, cm) and FF (time to first flower, week). 
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Table 6. Characteristics of major clusters based 12 quantitative traits† averaged across 
accessions within a cluster measured in simulated autumn condition and constant 
growth condition.  
 
 
Group 
 Simulated autumn condition  Constant growth condition  
 SDW RDW TDW SL RSR FF SDW RDW TDW SL RSR FF 
 
I 
 
2.43a
§ 
 
0.96a 
 
3.37a 
 
30.4bc 
 
0.38a 
 
5.9a 
 
1.78a 
 
0.82a 
 
2.61a 
 
36.7a 
 
0.46a 
 
5.2a 
II 1.66c 0.38c 2.04c 25.4c 0.22b 2.5b 1.01b 0.32d 1.33c 31.1b 0.31b 1.8d 
III 1.87b
c 
0.73b 2.60bc 31.8a
b 
0.39a 6.1a 1.4ab 0.61b 2.03b 35.9a 0.43a 3.6b 
IV 2.18a
b 
0.53bc 2.71b 36.3a 0.24b 2.8b 1.61a 0.49c 2.1b 40.2a 0.30b 2.9c 
             
 
†RDW (root dry wt., g plant-1), SDW (shoot dry wt., g plant-1), TDW (total dry wt., g plant-1), RSR (root-
to-shoot ratio), SL (stem length, cm) and FF (time to first flower, week). 
  
§Average values (n=6) in column for a trait with same lowercase letters were not significantly different 
based on LSD values (P =0.05). 
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Figure 1.  Scatter plot using PCA1 and PCA2 representing 35 M. truncatula accessions along with their country of 
origin. 
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Fig.2. Dendrogram of 35 M. truncatula accessions using 9 principal components based 
on six growth and flowering traits. 
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ADDITIONAL INDEX WORDS. Barrel medic, ion leakage, freezing tolerance 
 
ABSTRACT. Understanding cold acclimation (CA) is important for concurrently 
improving autumn yield and winter survival in alfalfa (Medicago sativa L.). Medicago 
truncatula Gaertn., an annual relative of alfalfa, could be used to determine genetic bases 
of CA, if the ability and conditions required for its CA are determined. The major 
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objective of this study was to develop a laboratory screening procedure to quantify cold 
acclimation in M. truncatula. Two genotypes, Jemalong-6 and W6 5018 were grown in 
non-acclimation (NA) and three cold acclimation regimes (CA1, CA2, CA3). Cold 
acclimation was quantified by measuring freezing tolerance (LT50; the freeze temperature 
at which 50% injury occurred), as estimated by ion leakage (IL) from leaf tissues. Percent 
injury and LT50 were derived from freeze injury data. Cold-acclimated plants had reduced 
stem length, number of leaves, stem dry weight, leaf dry weight and root dry weight 
compared to control. Root-to-shoot ratio was higher in cold-acclimated than in control 
plants. These results indicate the clear initiation of acclimation response in cold-
acclimated plants. While 80% injury was induced by -7 °C in NA plants, -20 °C only 
induced 52% injury in CA3 plants. Average LT50 temperatures were -3, -8, -7.8 and ≥ -
12.5 °C in NA, CA1, CA2 and CA3 regimes, respectively. Percent injury was lower in 
Jemalong-6 than in W6 5018 for all cold acclimation regimes. Our results demonstrated 
the capability of M. truncatula to cold acclimate under the controlled CA regimes and the 
possible use of IL as a rapid laboratory method to quantify cold acclimation. 
 
Introduction 
 
Increased autumn growth is one means of improving yield in alfalfa (Medicago sativa 
L.). However, an inverse relationship between biomass and winter hardiness often 
complicates the simultaneous improvement of both traits (Brummer, 2004). Alfalfa is 
known to acclimate as temperatures fall and photoperiod decreases during autumn 
(McKenzie et al., 1988), and significant advances in understanding the physiological 
changes that alfalfa undergoes during cold acclimation have been made (Castonguay et 
50 
 
 
al., 2006). However, alfalfa is a tetrasomic tetraploid, complicating genetic analysis, and 
outcrossing with inbreeding depression, that prevents the development of inbred lines. 
Both aspects of alfalfa hinder investigations on the genetic basis of autumn acclimation 
(also called “fall dormancy”), cold tolerance, and winter survival. 
M. truncatula (barrel medic) is an annual legume, closely related to alfalfa, grown as 
winter forage and green manure crop in Mediterranean climatic zones around the world. 
In the north-central USA, annual medics can produce high yields of quality forage when 
grown as short season annual crops for autumn harvest (Zhu et al., 1996). Unlike alfalfa, 
M. truncatula is diploid and self-pollinated, characteristics that make it more tractable for 
genetic analysis than alfalfa. Although M. truncatula does not survive winter conditions 
in the northern USA, it often encounters and survives frost when cultivated, and 
therefore, it may offer some clues about cold tolerance in alfalfa.  
Numerous biochemical/physiological changes occur during cold acclimation including 
increases in cold-stress proteins (Arora and Wisniewski, 1994; Arora et al., 1997; Marian 
et al., 2004); accumulation of cryoprotectants such as proline (Wanner and Junttila, 1999) 
and sugar (Haagenson et al., 2003; Koster and Lynch, 1992; Patton et al. 2007); and 
increases in the unsaturated to saturated fatty acid ratio and in phospholipids in the 
plasma membrane (Palta et. al, 1993). A key function of cold acclimation is to stabilize 
membranes against freezing-induced cellular dehydration (Thomashow, 1999). Ion 
leakage results, from decreased membrane integrity of freeze damaged tissues, can be 
easily measured in the laboratory to determine freezing tolerance of diverse species 
(Arora and Palta, 1991; Nunes and Smith, 2003; Webb et al., 1994; Welling et al., 2002), 
including alfalfa (Sulc et. al., 1991). This method is simple, repeatable, and rapid, ensures 
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freezing stress on intact tissues, and has been used to predict field performance 
(Teutonico et al., 1993).  
M. truncatula cold acclimation has been assessed in several experiments, with 
contradictory results. The cultivar Paraggio, grown at 10 °C, appeared to acclimate to the 
cool temperature by exhibiting a two-fold increase in the quantum yield of photosytem II 
electron transport (Antolín et al., 2005). In contrast, plants exposed to cool conditions (10 
°C day/5 °C night) exhibited poor regrowth capacity compared to non-acclimated plants 
when it was assessed by measuring dry matter production after freezing test. The cold-
acclimated plants  had decreased sucrose phosphate activity in leaves and with no 
accumulation of starch in roots, suggesting ineffective cold acclimation process in the 
species (Hekneby and Sánchez-Díaz, 2006). Brandsæter et al. (2000) evaluated 12 winter 
legume species hardened at 2 °C for 2 weeks to investigate their potential as 
overwintering cover crops and reported the poorest frost survival in M. truncatula. The 
lack of consensus among these studies on the ability of M. truncatula to exhibit cold 
acclimation possibly results from the different freezing test procedures employed or the 
different genotypes used in the studies.  
In this experiment, we developed a freezing tolerance assay for M. truncatula that is 
rapid and reproducible in order to test the hypotheses that cellular injury decreases as the 
acclimation temperature to which plants are exposed decreases. We evaluated two M. 
truncatula genotypes under four acclimation regimes to determine their maximum 
freezing tolerance under controlled conditions. Growth and development were measured 
concurrently to understand the physiology of cold acclimation in M. truncatula.  
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Materials and Methods 
 
     PLANT MATERIAL. Two M. truncatula genotypes, Jemalong-6, derived from the 
Australian cultivar Jemalong, and W6 5018, a wild accession from Italy, were used for 
this study. Seeds of Jemalong-6 were obtained from INRA (Institut National de la 
Recherche Agronomique, Mauguio, France) and W6 5018 from the USDA National Plant 
Germplasm System (NPGS), Western Plant Introduction Center, Pullman, WA. 
Jemalong-6 is one of the parents of a mapping population that has been analyzed for 
morphogenetic traits and QTL analysis in M. truncatula (Julier et al., 2007). Our previous 
study showed that W6 5018 had an erect plant type, was late flowering, and produced 
high biomass while Jemalong-6 was early flowering, produced decumbent shoots and low 
biomass under simulated autumn conditions (unpublished results). We used these two 
phenotypically contrasting genotypes to assess genotypic differences in cold acclimation. 
In alfalfa, cultivars with short, prostrate growth in autumn tend to be winter-hardy, while 
those with erect shoots and rapid growth are not (Sheaffer et al., 1992).  
   GROWTH CONDITIONS. Seeds were scarified using medium grain sandpaper one 
day before seeding into individual plastic pots (capacity of ≈2500 cm3) filled with 
Sunshine Professional growing mix (SB300 Universal Mix, Sun Gro Horticulture Inc., 
Bellevue, WA, USA). The pots were placed in a greenhouse at 22 °C day/18 °C night 
with a 16-h photoperiod (Moreau et al., 2006). A total of 260 pots, 130 of each genotype, 
were seeded with five seeds per pot. Pots were thinned to one seedling after 2 weeks. 
After all plants developed at least five leaves ( ≈4 weeks), they were transferred to 
growth chambers and allocated to one of three temperature regimes. 
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      Plants of each genotype were divided into three groups; 60 in non-acclimation (NA), 
35 in cold acclimation regime 1 (CA1) and 35 in cold acclimation regime 2 (CA2). 
Genotypes were assigned to positions on growth chamber benches using a completely 
random experimental design. The temperatures, photoperiod, and photosynthetic photon 
flux (PPF) applied to each growth regime, together with the duration plants were exposed 
to those conditions, are presented in Table 1. After plants in the CA2 treatment were 
sampled for freezing tolerance, they were transferred to another chamber for cold 
acclimation 3 (CA3) regime, where they were further exposed to still lower temperature 
of 3.5 °C day/-1 °C night for 1 week at 180 PPF and 16-h photoperiod and sampled for  
freezing tolerance of CA3 regime. In CA3, plants were uniformly sprayed with ice-water 
mix to initiate ice-nucleation, 3 times in alternate days, during the treatment time. Growth 
chamber temperatures were monitored using a HOBO logger (Onset Inc. Pocasset, MA, 
U.S.). Light intensity was routinely monitored by a quantum sensor (LI-185, Li-COR 
Inc., Lincoln, NE, U.S.) throughout the experiment and the height of lights from the top 
of the plant canopy adjusted to maintain constant intensity. Plants in all chambers were 
fertilized with Peters Excel [15N-2.2P-12.5K (The Scotts Company, Marysville, OH, 
U.S.)] diluted 100-fold with distilled water. Each plant received ≈250 mL of nutrient 
solution every two weeks and was lightly watered every day.  
DETERMINATION OF FREEZING TOLERANCE. Ion leakage was used to 
assess freezing tolerance (FT) and cold acclimation in M. truncatula by exposing tissue to 
a laboratory controlled freeze-thaw protocol. Ion leakage and injury assessment were 
patterned after Peng et al. (2007). Freezing tolerance of non-acclimated plants was 
measured three times (week 1, week 2, week 3) after the treatments began, in order to 
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determine developmental influences on the tolerance, if any. Freezing tolerance of plants 
in the CA regimes was measured at the end of the treatment period, after 4 weeks for 
CA1, 5 weeks for CA2, and 6 weeks for CA3. The freezing test temperatures were as 
follows: -1, -2, -3, -4, -5, -6, -7 °C for NA; -3, -5, -6, -7, -8, -9, -10, -11, -13, -15 °C for 
CA1; -5, -7, -9, -10, -11, -12, -13, -15, -17 °C for CA2; -4, -6, -8, 10, -12, -14, -16, -18, -
20 °C for CA3. For each test temperature, two leaves of similar age (the first fully 
expanded leaf from the tip) were sampled from each of three replicate plants for a total of 
six replications and were placed in test tubes. Six unfrozen samples of each genotype 
were placed on ice, as unfrozen controls. Treatment samples were placed in a glycol bath 
at -1°C for 1 h, after which,  freezing was initiated by ice-nucleation produced by 
dropping a small ice crystal into each tube and kept for 1 h before further lowering the 
temperature.  
The temperature in glycol bath was lowered at 1 °C/40 min and the frozen samples 
were removed at each test temperature and thawed in ice overnight. On the following 
day, the samples were removed from ice and kept at 4 °C for 1.5 h and at 22 °C (room 
temperature) for another 1 h. Twenty mL of deionized water was added to each sample, 
which were then vacuum infiltrated four times (1 min each) and placed on a gyratory 
platform shaker (InnOva-2300, New Brunswick Sci. Co. Inc., Edison, NJ, U.S.) at 250 
rpm for 1.5 h. An initial IL measurement was then taken with a 3100 conductivity meter 
(YSI Inc., Yellow Springs, OH, U.S.). Samples were autoclaved at 121 °C for 20 min 
with a slow exhaust cycle of 0.45 kg·min-1 and after being brought to room temperature, 
the total IL was measured. Initial leakage was expressed as percentage of the final IL 
value, and percent leakage for each treatment was converted to percentage injury as; 
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   % injury = [% IL (t) - % IL (c)/100 - % IL (c)] X 100 
where, % IL (t) and % IL (c) are measurements of percentage of ion leakage from the 
respective freeze-treatment temperature and the unfrozen control, respectively. LT50, a 
measure of FT, was derived for both the genotypes in all growth regimes by determining 
the freeze test temperature at which 50% injury (midpoint of maximum and minimum % 
injury) occurred (Fig. 1), as explained in Lim et al. (1998). 
GROWTH  EVALUATIONS. Number of leaves and length of the primary stem were 
measured on four randomly selected plants from each treatment (NA, CA1, and CA2) at 
weekly intervals for the first three weeks after treatments began. Plants were sampled for 
dry weights at FT sampling time of each growth regime. Roots, stems and leaves of each 
plant were separated and dried for 3 days at 60 °C to estimate the dry weight (Hoy et al., 
2002). Leaf area (LA) was measured using a Li-3100 Area Meter (Li-COR, Inc., Lincoln, 
NE, U.S.). Specific leaf area (SLA, leaf area per leaf dry weight) and root-to-shoot ratio 
(RS) were also determined on each sample.  
STATISTICAL ANALYSIS.  The experimental design was a completely randomized 
design with genotypes and temperature treatments as fixed factors. Statistical analyses 
were conducted using the GLM procedure of SAS (version 8; SAS Institute, Cary, NC, 
USA). Differences between the treatment means were separated by Fisher’s protected 
least significance (LSD) test at 0.05 and 0.01 probability levels. Regressions were 
performed separately for each genotype at different growth regimes using freeze test 
temperatures and PI data. 
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Results 
DEVELOPMENT OF FREEZING TOLERANCE. The two M. truncatula 
genotypes maintained at NA and CA regimes varied for leaf PI with test temperatures 
(Fig. 2, A-D). For NA plants, no effect of sampling time (week 1, week 2, or week 3) or 
genotype x sampling time interaction was evident, so only one sampling time (week 2) 
was used to compare the results with CA regimes (Fig. 2A). Non-acclimated tissues did 
not suffer any injury when frozen at -1 °C (data not shown), had the lowest injury at -2 
°C, and suffered incrementally more pronounced injury with decreasing test temperatures 
(Fig. 2A). Non-acclimated plants of the two genotypes differed in injury only at -3 °C 
when W6 5018 showed 10% injury compared to 23% for Jemalong-6. The maximum 
injury recorded for non-acclimated tissues was about 90% at -7 °C.  
Leaves from CA1 plants did not show the incidence of freeze injury until -3 °C (Fig. 
2B). However, freezing injury increased steadily from -5 to -10 °C, after which, there was 
no further increase in injury in either genotype. A similar trend was observed at CA2 
(Fig. 2C). The temperatures at which genotypes differed varied among cold treatments, 
with CA1 [-5, -7 and -8 °C (Fig. 2B)] and with CA2 [-5, -9 and -10 °C (Fig. 2C)]. In 
contrast to non-acclimated samples, Jemalong-6 had higher freezing tolerance than W6 
5018, as it suffered lower freeze injury at test temperatures in CA1 and CA2 at which the 
genotypes differed (Fig. 1 B and C). Interestingly, the differences in PI between the two 
genotypes were apparent at almost every test temperature in CA3 (Fig. 2D). In addition, 
the difference between genotypes in PI widened in CA3 with decreasing test 
temperatures, reaching 65% in W65018 but only 39% in Jemalong-6 at the lowest test 
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temperature (-20 °C). Although the injury increased steadily with decreasing test 
temperatures at CA3 regime, it did not reach a plateau for either genotype. 
Freezing tolerance (LT50) for both genotype and its interaction with growth regimes 
were not significant. Freezing tolerance of the both M. truncatula genotypes varied with 
growth regime (Table 2). Within the NA growth durations (week1, week2 and week3), 
FT of the genotypes was similar, with LT50 about -3.0 °C. However, LT50 temperatures of 
all the CA regimes were lower than the non-acclimated plants. Freezing tolerance of 
plants grown at CA1 and CA2 regimes did not differ, as evident by similar average LT50, 
-7.6 and -7.7 °C, respectively, across genotypes. When the CA2 plants were exposed to a 
lower temperature (3.5 °C day/-1 °C night) for an additional week (CA3 regime), the FT 
of the plants were increased by almost ≥ -4 °C. Whereas two genotypes exhibited 
difference in their cold acclimation ability (Fig. 2B-D), cultivar difference in LT50 was 
not evident in non-acclimated or in cold-acclimated leaf tissues. Consequently, LT50 
values differentiated FT between non-acclimated and cold-acclimated plants but was not 
an effective measure of discriminating the tolerance between the two M. truncatula 
genotypes before or after cold acclimation.  
 
GROWTH  EVALUATIONS. Number of leaves per plant and stem length varied 
with growth regimes (Fig. 3, A and B). Stem length was reduced drastically in CA1 and 
CA2 compared to NA regimes at every week (Fig. 3A) during the first three weeks after 
treatment regimes began, but to a smaller extent between the CA1 and CA2 regimes. 
Similar results were also observed for number of leaves per stem (Fig. 3B). In general, 
W6 5018 produced longer stems than Jemalong-6 under NA and CA2 (week 2) while this 
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difference between the genotypes narrowed in CA1 regime. Jemalong-6 developed 
average of one leaf more than W6 5018 in CA1 while they had similar number of leaves 
in CA2 growth regime (Fig. 3B). 
 Dry weights of the two genotypes did not differ at the first week of NA regime 
although W6 5018 had higher leaf area compared to Jemalong-6 (Table 3). The 
difference in dry weights between the two genotypes was apparent at week 2 and week 3, 
and at both times, W6 5018 had higher leaf dry weight (LDW), stem dry weight (SDW) 
and root dry weight (RDW) compared to Jemalong-6. SLA and RS remained the same for 
both the genotypes at all NA growth durations. However, both the genotypes produced 
similar dry weights, LA, RS and SLA at CA1 and CA2 regimes. W6 5018 produced 
higher SDW and LA compared to Jemalong-6 at CA3 regime but both the genotypes had 
similar LDW, RDW and RS. Comparing the non-acclimated plants to cold-acclimated 
plants, it was clear that CA treatments reduced the growth of the plants as evident by 
reduced dry weights in both genotypes. Plants grown for 6 weeks in CA3 regime 
produced much lower dry weights than week 3 plants. CA3 plants had comparable LDW 
and SDW, but higher RDW and RS compared to week 2 NA plants. However, the dry 
weights of CA1 plants with only 4 weeks of growth were comparable to 3 weeks old NA 
plants. These results clearly indicate that temperature had larger effect in dry weights 
than the growth duration at any CA growth regime. However, both the genotypes had 
comparable LA but reduced SLA at each cold acclimation regime. 
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Discussion 
Ion leakage test performed on leaf tissue after freeze-thaw event was efficient for 
determining both FT and acclimation ability differences in the two genotypes of M. 
truncatula. Cell membranes are critical sites of freezing injury in plants. Numerous 
factors are involved in membrane damage at freezing temperatures, such as, cellular 
dehydration (lamellar-to-hexagonal–II phase transitions), expansion-induced lysis, and 
damage caused by reactive oxygen species, protein denaturation, etc. (Thomashow, 
1999). Thus, protection of the cell membrane damage from such factors is important to 
improving FT. Cold acclimation induces metabolic changes in tissues to maintain 
membrane fluidity and to prevent membrane against freeze-dehydration (Graham and 
Patterson, 1982; Leborgne et al., 1992; Perras and Sarhan, 1989)  
There was a substantial reduction in membrane injury in cold-acclimated plants 
compared to non-acclimated, indicating that CA regimes were effective. In previous 
literature (Antolín et al., 2005; Hekneby et al., 2006), 10 °C day/5 °C night temperature 
regime was used to assess CA and frost tolerance in M. truncatula. Acclimation 
temperatures used in our studies were comparable to those studies (CA1), but in addition, 
we included lower temperatures (7 °C day/4 °C night) in CA2 regime. However, both PI 
and FT (LT50) measured in CA1 and CA2 plants were similar. This result suggests that 
the extended growth at lower temperature did not contribute to the hardiness level of the 
plants. Sakai and Larcher (1987) modeled the seasonal CA process in woody plants from 
temperate zones in two stages. The first stage proceeds at 10 to 20 °C in fall, involves 
accumulation of organic substances and attributes to a relatively small (-10 °C) level of 
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hardiness in plants. Similarly, CA1 and CA2 plants had increased FT in our studies 
within the range of temperatures.  
Our results indicate that M. truncatula has a considerable ability to cold acclimate at 
subzero temperature. Plants acclimated in CA3 regime (3.5 °C day/-1 °C night) for one 
week, exhibited lowest injury compared to CA1 and CA2 at any test temperature. The 
significantly lower % injury observed in CA3 plants indicates that the subzero 
temperature exposure during CA3 was largely effective in inducing higher CA in the 
plants. In addition, we demonstrated a significant decrease of LT50 temperature in both 
genotypes, from about -3 °C in non-acclimated to ≥ -13 °C in cold-acclimated (CA3) 
plants. Freezing at subzero temperature is the second phase hardening (sub-zero 
hardening) wherein cold-acclimated plants enhance FT further than that achieved during 
hardening with above freezing temperatures. Second phase hardening has been 
documented in alfalfa (Castonguay et al., 1993), as well as other species, including wheat 
(Tritium aestivum L.) (Herman et al, 2006), rye (Oline, 1984) (Secale cereale L.), and in 
barley and oat (Hordeum vulgare L. and Avena sativa L.) (Livingston, 1996). Plants 
withstand dehydration and the physical effects of ice formation in the intercellular spaces 
during the second phase of CA by changing cell constituents and structures (Saxe et al., 
2001; Weiser 1970). Distinct changes in translatable mRNA in alfalfa cultivars 
acclimated at subzero temperatures are associated with achieving maximal hardiness 
during snow cover in winter (Castonguay et al., 1993).  
Ability to acclimate at subzero temperature is important for winter survival and spring 
growth for M. truncatula.  In the present study, plants in CA2 developed a smaller, but 
significant FT while those in CA3 (subzero temperature) acquired still greater FT. These 
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results imply that the events in induction of CA in M. truncatula may also be explained 
by the biphasic process, as in woody plants and indicate its potential for winter survival. 
By contrast, Brandsæter et al. (2000) reported poor frost resistance and survival in M. 
truncatula acclimated for 2 weeks at 2 °C. However in their study, plants had already 
reached the flowering stage before they were frozen and this could be the reason for poor 
survival. The most effective temperature in inducing CA depends on species, tissues and 
developmental stages of the plant. A temperature slightly above 0 °C and slight below 
zero (-3 °C) are the two essential steps for developing full frost hardiness (Sakai and 
Larcher, 1987). Our CA3 regime included both the levels of temperature and the plants 
developed the two distinct levels of CA capabilities. However, neither genotype reached 
a plateau for % injury in CA3 regime. Further studies using the treatment temperatures 
colder than -20 °C in the freeze test may provide the maximum cold acclimation ability in 
this species under artificially controlled CA regimes. 
In comparative analyses, freezing injury in W6 5018 initiated and reached the 
maximum earlier than Jemalong-6 in all CA regimes. Webb et al. (1994) demonstrated 
genotypic differences in leaf injury, rate of increase in freezing tolerance and 
achievement of maximal LT50 in spring oat, winter oat and winter rye acclimated at 2 °C 
for 4 weeks which is consistent with our results. Although the freezing tolerance of the 
two genotypes did not vary in cold acclimation regimes used in the study, the percent 
injury in Jemalong-6 was significantly lower than W6 5018 at most of the test 
temperatures in CA3 (Table 2). In addition, the initiation and maximum freeze injury 
recorded in Jemalong-6 were at lower freeze test temperature compared to W6 5018. 
These results clearly indicate that Jemalong-6 had superior cold acclimation ability than 
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W6 5810 under the CA regimes used in the study. Castonguay et al. (1993) showed 
differential cold-inducible gene products in contrasting winter-hardy alfalfa cultivars and 
suggested a close association between gene expression and FT within cultivars. 
Genotypic differences in CA abilities observed in this study implies that there may be 
differences in genes or expression of genes involved in regulatory and sensing 
mechanisms in controlling cold acclimation process in M. truncatula.  
Exposure to different growth regimes resulted in differential growth responses in M. 
truncatula. Reduced number of leaves and stem length were observed in cold-acclimated 
plants within a week of initiation of CA regimes (Fig. 3). Low temperature reduces 
photosynthetic carbon fixation and sucrose synthesis which reduces growth and phloem 
export of sucrose in plants (Strand et al., 1999). At low temperatures, reduction in 
photosynthesis is considered as a major cause for growth cessation as indicated by 
reduced chlorophyll content and photosynthetic capacities in sensitive maize genotypes 
(Haldimann, 1998; Leipner et al., 1999). However, overwintering cereals can grow and 
survive at low temperatures and have the capacity to increase or maintain high 
photosynthesis for increased FT (Hurry et al., 1994). They use most of the photosynthates 
for energy and the carbon skeleton needed for metabolic accumulation for both 
cryoprotection and storage as adaptive responses. The observed reduced growth and 
development during the first three weeks in cold-acclimated plants in the present study, 
therefore, may indicate the allocation of more photosynthates for the induction of 
adaptive processes compromising the normal growth. Genotypes differed clearly in terms 
of growth and phenological development at NA while they had similar performance at 
CA regimes (Fig. 3 and Table 3). However, Jemalong-6 suffered lower reduction in 
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growth and development of Jemalong-6 was reduced less in CA regimes compared to its 
growth in NA regime than did W6 5018. These results further suggest that Jemalong-6 
may have a relatively lower temperature requirement to attain maximum acclimation and 
thereby explain its significantly greater cold acclimation ability at CA3 regimes. 
We observed reduction in leaf dry weight from CA1 to CA3 while increase in RDW, 
resulting in a higher RS ratio in both genotypes. Higher partitioning of dry matter in roots 
than in shoots has been reported in many species under low temperature stress (Wilson, 
1988). Low shoot growth maybe due to low absorption and transportation of water and 
nutrients by roots at low temperature (BassiriRad et al., 1991). Higher RS ratio may also 
reveal a greater partitioning of carbon to the nutrient-absorbing tissues in low temperature 
conditions (Chapin, 1974). High SLA measured in non-acclimated plants in this study 
may indicate that the plants may have high rate of CO2 exchange per unit leaf area and 
thus may have achieved the higher growth. High SLA has been regarded as an important 
trait in crops, such as sugarcane (Terauchi and Matsuoka, 2000) and winter cereal 
(Richards, 2000) attributing to high light interception during early growth and 
development. However, increase in leaf density (lower SLA) has been demonstrated as 
common response to low temperature in both chilling sensitive (Phaseolus vulgaris L., 
Zea mays L.) and chilling tolerant species (Pisum sativum L., Spinacia oleracea L.), 
which is consistent with our results (Wolfe, 1991). Reduced LA and SLA observed in CA 
regimes maybe adaptive strategies by which the cold-acclimated plants minimize leaf 
injury, reducing the leaf expansion, thereby reducing the surface area exposed to low 
temperature. 
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In conclusion, the present study clearly demonstrated that M. truncatula has an ability 
to cold acclimate as evident by significant increase in FT with the exposure to specific 
CA regimes (accompanied by reduced growth). Quantifying FT by measuring ion leakage 
in leaves proved to be a successful strategy as the difference in acclimation conditions 
and genotypes were well demonstrated with this approach. Since the two genotypes 
significantly differed in their freezing injury at various subzero test temperatures, while 
still exhibiting similar LT50 at CA regimes, we chose to present both the measurements in 
this study. Notably this result implies that LT50 may not be a comprehensive parameter to 
differentiate CA abilities among M. truncatula genotypes and that actual freezing injury 
at given test temperatures should be used in addition to LT50 to evaluate this trait in M. 
truncatula. Various CA regimes (CA1, CA2, and CA3) had differential effect on 
inducing cold hardening. Overall, the maximum FT was achieved under CA3 treatment, 
the only regime that included subzero temperature exposure. Thus, CA3 appears to be the 
best regime of the three regimes tested, to induce maximal CA under controlled 
conditions in M. truncatula for physiological and biochemical studies.  
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Table 1. Air temperature (°C day/night), photoperiod (h), photosyntetic photon flux 
(PPF), and growth duration (weeks) of M. truncatula genotypes, Jemalong-6 and W6 
5018, at non acclimation (NA; 3 weeks) and cold acclimation (CA1-4 weeks; CA2-5 
weeks; CA3-6 weeks) growth regimes. CA2 plants were transferred to CA3 regime for 
a week at lower temperature (3.5 °C day/-1 °C night). 
     
 Growth regimes Temperature Photoperiod PPF Duration 
  [°C (day/night)] (hour) (µmol•m-2•s-1) (week) 
Non-acclimation (NA) 22/18 16 400  3  
Cold-acclimation 1 (CA1) 18/10 16 400  2 
 10/5  16 400  2 
Cold acclimation 2 (CA2) 18/10 16 400 1  
 10/5  16 400 2  
 7/4  16 180 2  
Cold acclimation 3 (CA3) 18/10 16 400 1 
 10/5  16 400 2  
 7/4 16 180 2  
  3.5/-1 16 180 1  
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Table 2. Freezing tolerance (LT50) of M. truncatula genotypes, W6 5018 and Jemalong-
6, as influenced by non-acclimation [NA (22 °C day/18 °C night)] at a weekly interval 
(week 1, week 2, week 3) and cold acclimation (CA1, CA2, CA3) regimes. 
Measurements in CA1 (18 °C day/10 °C night for 2 weeks followed by 10 °C day/5 
°C night for 2 weeks), CA2 (18 °C day/10 °C night for 1 week followed by 10 °C 
day/5 °C night for 2 weeks and 7 °C day/4 °C night for 2 weeks) and CA3 (CA2 
regime followed by 3.5 °C day/-1 °C night for 1 week) were taken after 4, 5 and 6 
weeks, respectively, after the treatments.  Mean LT50 values ±SD are shown for 3 
replicate plants. LT50 [°C (mean ±SD)] was derived as [(max% injury – min% injury)/ 
2] + min% injury. 
 (LT50)z  
Growth regime W65018 Jemalong-6  
NA 
  Week 1 -3.4 ±0.49a -3.1 ±0.36a  
  Week 2 -2.9 ±0.23a -2.9 ±0.40a  
  Week 3 -3.4 ±0.15a -3.6 ±0.10a  
CA    
 CA1 -7.3 ±0.53b -8.1 ±0.43b  
 CA2 -7.5 ±0.61b -7.9 ±0.25b  
 CA3 ≥-13.3 ±2.43c ≥-12.3 ±2.1c  
z LT50 is expressed as temperature at which 50% injury occurred. 
LT50 ± SD with different letters are significantly different based on LSD values (P = 
0.01). 
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Table 3. Leaf area (LA), specific leaf area (SLA), root-to-shoot ratio (RS), leaf dry 
weight (LDW), stem dry weight (SDW) and root dry weight (RDW) of M. truncatula 
genotypes, W6 5018 and Jemalong-6, at non-acclimation (NA; week 1, week2, week 
3) and cold acclimation (CA1, CA2, CA3) regimes.  
 
z Mean values of genotype (n = 4) for response at a particular regime. Values within a 
regime with different letters are significantly different based on LSD (P < 0.05).  
 
  LA z SLA z    RS z 
 
LDW z SDW z RDW z 
Regime Genotype (cm2) (cm2.g-1) (ratio)
 
(g/plant) (g/plant) (g/plant) 
NA        
  Week1 W6 5018 108a 178a 1.08a 0.61a 0.42a 1.19a 
 Jemalong-6 73b 173a 1.20a 0.42a 0.33a 0.89a 
        
  Week2 W6 5018 194a 154a 0.94a 1.28a 0.99a 2.19a 
 Jemalong-6 163a 186a 0.89a 0.91b 0.79a 1.48b 
        
  Week3 W6 5018 281a 105a 0.82a 2.7a 3.31a 4.91a 
 Jemalong-6 194b 128a 0.89a 1.5b 1.51b 2.72b 
CA        
   CA1 W6 5018 116a 74a 0.63a 1.67a 1.27a 1.98a 
 Jemalong-6 139a 83a 0.68a 1.68a 1.54a 2.16a 
        
   CA2 W6 5018 82a 83a 0.98a 1.01a 0.95a 1.99a 
 Jemalong-6 73a 88a 1.39a 0.83a 0.83a 2.31a 
        
   CA3 W6 5018 108a 108a 1.32a 1.00a 1.13a 3.04a 
 Jemalong-6 93b 122a 1.84a 0.76a 0.77b 2.70a 
 
LSD(0.05) among regime means 
 
24.5 
 
35.4 
 
0.31 
 
0.27 0.33 
 
1.09 
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Figure 1. Freezing tolerance (LT50) of M. truncatula genotypes, W6 5018 and Jemalong-
6 at cold acclimation (CA1) growth regime. The dashed lines show 50% injury of a 
particular genotype and the bold arrows show the respective LT50 temperature. LT50 was 
derived as [(max% injury – min% injury)/ 2] + min% injury. Injury was measured at each 
test temperature in leaves samples after 4 weeks of CA1 growth regime. 
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Figure 2. Percent injury measured at different freeze test temperature in leaves of M. 
truncatula genotypes, W6 5018 and Jemalong-6, at non acclimation, NA (A), cold 
acclimation 1, CA1 (B), cold acclimation 2, CA2 (C), and cold acclimation 3, CA3 (D) 
regimes. Measurements in CA1 (18 °C day/10 °C night for 2 weeks followed by 10 °C 
day/5 °C night for 2 weeks), CA2 (18 °C day/10 °C night for 1 week followed by 10 °C 
day/5 °C night for 2 weeks and 7 °C day/4 °C night for 2 weeks) and CA3 (CA2 regime 
followed by 3.5 °C day/-1 °C night for 1 week) were taken after 4, 5 and 6 weeks, 
respectively, after the treatments. Measurement in NA (22 °C day/18 °C night) was taken 
at the first week under the treatment. The vertical bars represent ±SD of 6 replications. 
Significant differences between the two genotypes at 0.05 and 0.001 confidence levels at 
a particular test temperature are marked with * and **, respectively. 
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Figure 3.  Effect of growth regimes (non-acclimation, NA; cold acclimation1, CA1, and 
cold acclimation, CA2) on stem length (A) and number of leaves on the first primary 
stem (B) of M. truncatula genotypes, W65018 and Jemalong-6, during the first three 
weeks (week 1, week 2, and week 3). Means with the same letters in each week were not 
significantly different based on LSD (P < 0.05). The vertical bars represent ±SD based on 
mean of 4 replications. 
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CHAPTER 4. COLD ACCLIMATION ALTERS SOLUBLE SUGAR 
CONCENTRATION AND COMPOSITION IN MEDICAGO TRUNCATULA  
An article to be submitted to Crop Science 
 
Babita Thapa, Allen D. Knapp, Rajeev Arora and E. Charles Brummer 
 
 
ABSTRACT 
 
Medicago truncatula Gaertn., an annual relative of alfalfa, could be used to determine 
genetic basis of cold acclimation in alfalfa and other legume crops, but the physiological 
processes associated with cold acclimation and freezing tolerance are not well understood 
in this species. We studied differences in sugar concentrations and composition in leaf, 
stem and root tissues of M. truncatula in non-acclimation (NA) and after cold-
acclimation (CA) treatments to begin to assess their role in freezing tolerance (FT) and as 
a potential screening tool for FT. Two genotypes, Jemalong-6 and W6 5018, were grown 
in three non-acclimation (NA1, NA2, NA3) and cold acclimation (CA1, CA2, CA3) 
regimes. Among the soluble sugars analyzed, fructose, glucose, sucrose, and total sugar 
(sum of all soluble sugars in a sample) exhibited distinct increases following CA 
treatments, with the maximum concentration following the CA3. Raffinose was only 
present in CA regimes while stachyose was not detected in any treatment samples. 
Trehalose concentration did not vary between NA and CA regimes.  The highest total 
sugars concentrations were found in the stems. Jemalong-6 had higher stem raffinose, 
leaf trehalose, sucrose and total sugar concentrations than W6 5018 in CA3 regime. A 
strong correlation between leaf soluble sugars and leaf FT suggested that sugars may 
have a role in CA or predict the development of CA. Leaf total sugar concentration was 
positively correlated with percent water content in the leaf after cold acclimation. The 
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presence of raffinose may be indicative of FT as it was only present in CA regimes and 
not detected in NA regimes. 
 
INTRODUCTION 
 
Understanding cold acclimation (CA) is important for concurrently increasing autumn 
yield and winter survival in alfalfa [(Medicago sativa L.); Brummer et al., 2000]. Such 
investigations are difficult in alfalfa because of its complex genetic makeup, and 
outcrossing with inbreeding depression. Medicago truncatula Gaertn is an annual self-
pollinated legume and is a model plant for the study of legume biology (Cook, 1999). M. 
truncatula, a relative of alfalfa with a small genome size and a high level of biodiversity 
(Thoquet et al., 2002), could be used to dissect the genetics of CA if its ability for CA is 
characterized. Furthermore, M. truncatula is exposed to cool weather during the growing 
season in its native mediterranean region (Sultan et al., 2001) and therefore it is plausible 
that it has evolved mechanisms to tolerate low temperatures.  
 Cold acclimation lowers the temperature at which the plants are damaged by 
freezing temperatures through physiological and metabolic adjustments and improves 
freezing tolerance (Guy, 1990). Freezing injury occurs as a result of destabilized 
membranes from freeze-induced dehydration (Steponkus, 1984) and thus, maintaining 
membrane stability is a key function of CA (Thomashow, 1999). Acclimation to cold 
involves synthesis of proteins, lipids, enzymes and sugars metabolites that confer 
protection from cold (Graham and Patterson, 1982). Sugars maintain the liquid crystalline 
state of the membrane bilayer, stabilize proteins under freeze-induced dehydration, and 
reduce membrane injury (Uemura and Steponkus, 2003). Increases in cellular sugar 
concentrations also lower the temperature at which the cell freezes, and decreases the 
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damage from freeze-induced osmotic dehydration (Levitt, 1980). Both of those functions 
improve the overall FT in the plants.  
 Changes in carbohydrate levels and types coinciding with changes in freezing 
tolerance have led to the conclusion that alterations in carbohydrates are important 
components of plants ability to survive low winter temperatures (Castonguay et al., 1995; 
Dionne et al., 2001; Chen et al., 1980).  Sucrose is the most commonly accumulated 
sugar in response to low temperature (Guy, et al., 1992). In Zoysiagrass, rhizomes and 
stolons (Zoysia spp.) higher concentration of total reducing sugars and glucose are 
associated with increased FT measured during cold acclimation using 4 wk of 8/2°C 
day/night treatment. Sucrose concentrations in crown tissues in annual bluegrass (Poa 
annua L.) increased at temperatures below freezing and maximum concentration 
coincided with maximum FT (Dionne et al., 2001). Increased FT in buffalograss 
[Buchloe dactyloides(Nutt.) Engelm.] stolons was correlated with higher fructose, 
glucose and sucrose levels (Ball et al., 2002).  
 Castillo et al. (1990) have proposed that raffinose family oligosaccharides 
(RFOs), which include raffinose, stachyose and verbascose, play roles in CA. Like 
sucrose, RFOs are important storage and phloem transport carbohydrates for many plants 
(Sprenger and Keller, 2000). In alfalfa roots, the concentration of RFO and galactinol 
synthase transcripts, increased in October and November in winter hardy field grown 
plants (Cunnigham et al., 2003). Koster and Lynch (1993) proposed that sucrose and 
raffinose accumulated external to vacuole in puma rye leaves (Secale cereale L. cv Puma) 
during CA may have cryoprotective effects on the plasma membrane.  
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 Biosynthesis and function of trehalose as an energy reserve, transport sugar and 
stress protectant are discussed in a recent paper (Wingler, 2002), though it was previously 
found to exert a toxic effect in Cruscuta reflexa Roxb. vines because it interfered the 
synthesis of cell wall polysaccharides in shoot tips (Veluthambi et al., 1982) Transgenic 
rice plants that expressed trehalose-6-phosphate synthase  and trehalose-6-phosphate 
synthase phosphates showed higher ability to tolerate trehalose synthesis and resulted in 
increased tolerance to drought, salt and cold stress as shown by chlorophyll fluorescence 
and growth inhibition analyses (Jang et al., 2003). Building stress tolerance through 
overproduction of trehalose has been considered as a novel strategy for improving crop 
plants (Penna, 2003). 
 Increase in total soluble sugar (TSS) in roots, stems, and leaves was demonstrated 
in M. truncatula after cold-acclimation at 10/5°C day/night for 4-6 wk using colorimetric 
method of sugar determination (Sanchez-Diaz et al., 2000; Hekneby et al., 2004). 
However, the relative concentrations of each sugar and whether they change with 
different CA induction regimes is not known. In addition, it is unclear whether such 
changes in sugars preceding CA may relate to any measureable alteration of FT in M. 
truncatula. We determined accumulation of soluble sugars, more specifically, 
concentrations of trehalose, glucose, fructose, sucrose, raffinose and stachyose in roots, 
stems and leaves in M. truncatula under different cold acclimation regimes. Relationship 
between sugar concentrations at acclimation regimes and freezing tolerance (LT50; 
temperature at which 50% injury occurred) was characterized.  
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MATERIALS AND METHODS 
 
Plant material 
 Two M. truncatula genotypes, Jemalong-6, derived from the Australian cultivar 
Jemalong, and W6 5018, a wild accession from Italy, were used for this study. Seeds of 
Jemalong-6 were obtained from INRA (Institut National de la Recherche Agronomique, 
Mauguio, France) and W6 5018 from the USDA National Plant Germplasm System 
(NPGS), Western Plant Introduction Center, Pullman, WA. More information on 
characteristics of the accessions is found in Thapa et al. (2008). 
 
Growth conditions  
  Seeds were scarified using medium grain sandpaper one day before seeding into 
individual plastic pots (capacity of ≈2500 cm3) filled with Sunshine Professional growing 
mix (SB300 Universal Mix, Sun Gro Horticulture Inc., Bellevue, WA, USA). The pots 
were placed in a greenhouse at 22 °C day/18 °C night with a 16-h photoperiod (Moreau 
et al., 2006). A total of 260 pots, 130 of each genotype, were seeded with five seeds per 
pot. Pots were thinned to one seedling after 2 weeks. After all plants developed five 
leaves ( ≈4 weeks), they were transferred to growth chambers and randomly assigned to 
one of three temperature regimes. 
      Plants of each genotype were divided into three groups; 60 in non-acclimation (NA), 
35 in cold acclimation regime 1 (CA1) and 35 in cold acclimation regime 2 (CA2). 
Genotypes were randomly assigned to positions on growth chamber benches. The 
temperatures, photoperiod, and photosynthetic photon flux (PPF) applied to each growth 
regime, together with the duration plants were exposed to those conditions, are presented 
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in Table 1. After plants in the CA2 treatment were sampled for freezing tolerance, they 
were transferred to another chamber for cold acclimation 3 (CA3) regime, where they 
were further exposed to still lower temperature of 3.5 °C day/-1 °C night for 1 week at 
180 units PPF and 16-h photoperiod and sampled for  freezing tolerance of CA3 regime. 
 Sugar extraction and analysis 
 Soluble sugars including trehalose, glucose, fructose, raffinose and stachyose 
were extracted from 25 mg of ground lyophilized leaf, stem and root materials. The sum 
of all the soluble sugars in each sample is reported as total sugar in the study. Sugars were 
extracted using ethanol extraction patterned after Zhu at al. (2006). A DX500 Dionex high 
performance anion exchange chromatography with pulsed amperometric detection (HPAE-PAD) 
system was used. This system consisted of a GP-50 gradient pump and ED40 electrochemical 
detector (Dionex Corporation, Sunnyvale, CA). Sugars were separated on a Dionex CarboPac 
PA-10 analytical column (4 X 250 mm) followed by an amino trap (4 X 50 mm), and eluted 
isocratically at a flow rate of mobile phase (120 mM NaOH) of 1 mL min-1 for 25 min. The 
electrode potential sequence for the detector was; E1= 0.05 V; cleaning potential E2= 0.60 V; 
electrode regeneration potential E3= -0.60 V. Samples were injected via an AS50 automated 
sampler with a 25-µL sample loop. The mobile phase, 120 mM NaOH solution was prepared by 
diluting carbonate–free 50% (w/w) NaOH solution in deionized distilled water which was 
previously degassed under vacuum with a water bath sonicator (FS140, Fisher Scientific, 
Pittsburgh, PA ) for 30 min. Sugar standards (Sigma) were used to identify the sugars based on 
their retention times and for standard curve development.  
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Determination of Freezing Tolerance 
 Details of ion leakage (IL) and injury assessment procedures are explained in 
Thapa et al.(2008). Ion leakage was used to assess freezing tolerance (FT) and cold 
acclimation in M. truncatula by exposing tissue to a laboratory controlled freeze-thaw 
protocol. LT50, a measure of FT, was derived as explained in Lim et al. (1998) using IL 
data.  
Growth Evaluations 
 Four randomly selected plants were used for biomass measurement at FT 
sampling time of each growth regime. Roots, stems and leaves of each plant were 
separated and fresh weights of the tissues were measured before they were dried in oven 
(60°C for 72 hrs) for dry weight measurements. Leaf percent water content (PWC) was 
determined leaf fresh (LFW) weight and leaf dry weight (LDW) on a fresh weight basis 
[(LFW-LDW)/LFW X 100]. Leaf area (LA) was measured using a Li-3100 Area Meter 
(Li-COR, Inc., Lincoln, NE, U.S.). Specific leaf area (SLA, leaf area per leaf dry weight) 
and root-to-shoot ratio (RS) were also determined on each sample. The Minolta model 
SPAD 502 (Minolta, Ramsey, NJ) chlorophyll meter was used to estimate chlorophyll 
content (Chl) on the three fully expanded leaves at the apex and the average value was 
used for data analysis.  
Statistical analysis 
The experimental design was a completely randomized design with genotypes, tissue 
types and temperature treatments as fixed factors. Statistical analyses were conducted 
using the GLM procedure of SAS (version 8; SAS Institute, Cary, NC, USA). 
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Differences between the treatment means were separated by Fisher’s protected least 
significance (LSD) test at 0.05 and 0.01 probability levels. Pearson correlation 
coefficients (r) were calculated by PROC CORR. 
 
RESULTS 
 
Soluble Sugar concentrations and composition in various plant tissues  
 
Concentrations of sugars varied considerably (P <0.01) among the different plant tissues 
(Table 2). Stem tissues had highest sucrose, glucose and total sugars concentrations 
compared to leaf and root tissues. However, trehalose concentrations in stems were lower 
than in roots. Fructose concentration in stem and leaf were similar but were higher than in 
root tissues. Root had the lowest glucose, fructose and sucrose concentrations. Raffinose 
concentrations did not vary between leaf and stem tissues. Total soluble sugars varied 
distinctly among the tissues with highest concentration determined in stem followed by 
leaf and root tissues. Among all the soluble sugars, sucrose and trehalose were present in 
highest and lowest concentrations, respectively, in all tissues types.  
 Leaf, stem and root tissues varied in soluble sugars composition (Table 2).  Only 
stems tissues were composed of all the soluble sugars evaluated in this study. Trehalose 
was undetected in leaf tissues and raffinose was undetected in root and also in NA stem 
and leaf tissues.    
 
Soluble sugar concentrations at CA and NA growth regimes 
 
Leaf glucose increased considerably among CA regimes (Fig. 1A). CA regimes induced 
differential glucose concentrations but NA regimes did not alter the concentration. In 
CA3, the concentration of glucose reached 25 mg g-1 dry dwt. which was almost 5-fold 
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higher than in NA regimes (~5 mg g-1 dry wt.). Similar results were observed in leaf 
fructose concentrations (Fig. 1B). Sucrose concentrations also increased in all CA 
regimes compared to NA regimes (Fig. 1C). The concentrations were similar in CA1 and 
CA2 regimes but increased in CA3 regime. Although average leaf raffinose 
concentrations were the highest in CA1, the concentration was similar to CA3 regime 
(Fig. 1D). The total sugars in leaf tissues increased distinctly at three CA regimes with 
pronounced (3-fold) increase in CA3 compared to NA regimes. 
 Stem soluble sugar concentrations were similar among the NA growth regimes 
while they clearly differed in CA regimes (Fig. 2A-F). Concentration of stem glucose, 
fructose and total sugars were highest in CA3 and they vary distinctly at each CA regime 
(Fig. 2A-B and E). Sucrose and trehalose concentrations were highest in CA3 compared 
to CA1 and CA2 regimes but the concentrations were similar in CA1 and CA2 regimes 
(Fig. 2 C and E). Likewise, raffinose concentrations in stem varied considerably among 
the CA regimes, ranging from average of 0.10 mg-1 g dwt in CA1 to 0.22 mg-1 g dwt in 
CA3 (Fig. 2D). 
 Root glucose, fructose, sucrose and total sugars were highest in CA3 among all 
the growth regimes (Fig.3A-E). Concentrations of glucose and fructose varied between 
CA1 and CA2 while sucrose and total sugars remained the same. In NA regimes, sucrose 
and total sugars were higher in NA1 compared to NA2 and NA3. Root trehalose 
concentrations did not vary among the CA regimes but were comparable to NA1 and 
NA3 regimes (Fig. 3D). 
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Differences in soluble sugar concentrations and composition in genotypes 
The two genotypes Jemalong-6 and W6 5018 did not differ in leaf glucose, fructose and 
total sugars concentrations in NA regimes, except for sucrose concentration in NA1 (Fig. 
1A-E). In contrast, genotypic differences in leaf sugar concentrations were apparent in all 
CA regimes, except for glucose in CA3. Jemalong-6 had substantially higher fructose, 
sucrose and total sugars compared to W6 5018 in both CA1 and CA3 regimes while the 
opposite was true in CA2 regime (Fig. 1A-E). Jemalong-6 also attained higher raffinose 
concentration than W6 5018 in CA1 regime (Fig. 1D).  
 Jemalong-6 produced higher stem fructose, glucose and total sugars in CA1 
regimes and sucrose in CA3 regimes than W6 5018 (Fig. 2A-D). Stem raffinose and 
trehalose concentrations were also higher in Jemalong-6 compared to W6 5018 in CA3 
regime while their concentrations were comparable in all the other regimes (Fig. 2D and 
E).  
 Roots of Jemalong-6 accumulated higher glucose, sucrose and total sugars than 
W6 5018 at CA3 regime (Fig. 3A, C and E) whereas W6 5018 attained higher fructose 
concentration than Jemalong-6 at CA1 and CA2 regimes (Fig.3B).  The highest trehalose 
concentration was detected in W6 5018 at NA2 in root tissues. 
 
Relation of soluble sugars to freezing tolerance and other growth parameters in M. 
truncatula 
 
Growth traits, IN, Chl, LDW, SDW and RDW were negatively correlated with total 
sugars in NA with coefficients ranging from -0.42 to -0.50 (Table 3). However, LT50, RS 
and PWC were not correlated with the total sugar concentrations in non-acclimated leaf 
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tissues. Glucose and fructose were strongly related to reduction in IN and LDW as 
indicated by high negative correlation coefficients while the traits were not affected by 
leaf sucrose concentrations. Growth traits, such as, IN, SDW and RDW were not 
correlated with total sugar concentrations in CA but LDW was negatively correlated (-
0.49).  Correlations of between each sugar, glucose, fructose, sucrose including the total 
sugars in leaf tissues were significant with Chl, SLA, RS and PWC in CA plants. The 
correlation between the freezing tolerance (LT50) and the total sugars in the CA leaf 
tissues was negative but the strongest (r = -0.94) among all the parameters evaluated. 
sugars.   
 
DISCUSSION 
 
 
Cold acclimation induced accumulation of soluble sugars in M. truncatula. Variation in 
sugars concentrations among tissues, with the highest concentration in stem observed in 
this study are consistent with the results from Sánchez-Díaz et al.(2000). Sugar 
accumulation has been one of the most prominent metabolic changes observed during CA 
in many plant species (Cunningham et al., 2003; Hekneby et al., 2006). Cold acclimation 
initiates with perception of non-freezing low temperature following the temporal 
sequences, starting with membrane rigidification and cytoskeleton rearrangements and 
ending with product formation, such as certain proteins, amino acids, sugars etc., that 
confer freezing tolerance on the plant (Bjorn and Dhindsa, 2002). In addition, sugar 
accumulation may occur through starch hydrolysis as activity of starch- degradative 
enzymes, α–amylase and β-amylase, are enhanced at low temperatures, 15 and 10 °C, 
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respectively (Kacperska-Palacz, 1978). These evidences indicate that plants preferentially 
synthesis sugar during low temperature conditions.  
 Comparisons of leaf sugars accumulations at the different CA regimes reveal that 
each sugar and the total sugars have reached their maximal levels at the CA3 regime 
while the CA1 and CA2 had similar sugar concentrations (Fig 1). Interestingly, CA3 
regime had significantly increased freezing tolerance of genotypes compared to CA1 and 
CA2 in our previous study . These results may imply sugar concentrations at low nonzero 
and subzero temperatures may play important roles inducing the two levels of FT in M. 
truncatula. Previously, the existence of two stages of hardening has been reported in 
field-grown winter wheat (Yoshida et al., 1997), winter rape (Kacperska, 1993) and in 
woody perennial (Sakai and Larcher, 1987). In the first stage of CA in woody plants, 
synthesis of starch reserve occurs for substrate and energy required for metabolic changes 
at the second stage. Protein and membrane lipids are synthesized during the second stage 
leading to maximal hardiness. In herbaceous plants, sugars accumulations are important 
to acquire higher resistance as they do not accumulate starch during autumn (Sakai and 
Larcher, 1987). In winter wheat, the first stage of CA is associated with a reduction of 
weakly bound water due to increase in cellular substances but the second stage happens 
with increase in weakly or moderately bound water content ( Yoshida et al., 1997). In the 
same context, significant increase in total sugars observed in CA3 may involve in 
osmotic regulation to avoid excessive desiccation, binding water molecules to decrease 
free water and increase in bound water to promote growth in the second stage of 
hardening. In addition, sugars may be required as substrate and for modulation of other 
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assimilate-requiring processes, such as COR gene expression, fatty acid desaturation and 
proline synthesis, during CA (Stitt and Hurry, 2002). 
 Sucrose contributed almost 52% of the total sugar in cold-acclimated leaf. Leaves 
of cold-hardy herbaceous winter rye and winter oilseed rape showed remarkable recovery 
of photosynthetic capacity with increased activitiy of Calvin-cycle enzymes but cold-
sensitive species did not (Hurry et al. 1994, 1995). Increased expression and activity of 
sucrose synthesis enzymes correlated with an accumulation of sugars in leaves in those 
species. Glucose and fructose levels also increased following the trend of sucrose during 
CA in our study as has been reported in rice (Morsy et al, 2007) and winter rape (Hurry et 
al., 1995). This result may imply that sucrose may be cleaved into fructose and glucose 
with the greater invertase activity at low temperatures (Tromnsmo et al., 1993). Unlike 
Morsy et al. (2007), higher glucose and fructose concentrations were correlated with 
increased FT in our study. These low molecular weight sugars exhibit freezing point 
depression and protect membranes during CA (Santarius, 1982) and are essential to 
decrease cell water potential and to maintain turgor pressure (Strum, 1999). 
 Raffinose was detected in cold-acclimated leaves and stems but not in non-
acclimated tissues in our study. To our knowledge there have been no reports about 
raffinose concentrations in M. truncatula.  In frost-hardy Ajuga reptans, raffinose serves 
as a transport and a storage carbohydrate that can be induced to accumulate in the leaf 
mesophyll by cold treatment (Bachmann et al., 1994). The evidence for a role of raffinose 
in CA was demonstrated in Arabidopisis thaliana where its accumulation in leaf 
discriminated the more tolerant accession (Koltke et al., 2004). In alfalfa, differences in 
the maximum level of FT between non-hardy and winterhardy cultivars are related to the 
90 
 
 
capacities of plants to accumulate and synthesize raffinose in crowns at low temperature 
(Castonguay et al., 1995). The increased in raffinose was associated with marked increase 
in activity of galactinol synthase, a key enzyme in its metabolism (Castonguay and 
Nadeau, 1998). In our study, genotypic difference in raffinose concentrations was only 
apparent in stem tissues with the highest concentration at CA3 regime in both genotypes. 
It appears that raffinose synthesized in the leaf tissues get transported and stored in stems, 
as reserve which probably gets hydrolyzed producing sucrose as has been observed in 
some of the raffinose sink tissues (Madore, 1995) 
 We observed low concentrations of trehalose in stem and root tissues as has been 
reported in most vascular plants (Wingler, 2002), including rice (Garg et al., 2002). 
Despite its proposed role in protecting proteins and membranes during dehydration 
(Thevelien , 1996 , Dreennan et al., 1993), trehalose may not serve as a protectant against 
cold stress because its concentrations did not increase during CA in this study. Recent 
studies suggest the role of trehalose in coordinating carbon supply with plant growth and 
development (Ramon and Rolland, 2007). The trehalose-6-phosphate synthase gene (TPS 
1) that synthesizes the intermediate of trehalose-6-phosphate (T6P) in trehalose pathway, 
is not only required for embryo development (Gomez et al., 2006) but also for normal 
vegetative development and floral transition (Van Dijken et al., 2004). High 
concentration of trehalose observed in our study may further support the role of trehalose 
in growth and development rather than as stress protectant in M. truncatula. 
 A strong correlation between total sugar and PWC in the CA leaf (Table 3) 
indicates that sugar accumulation helps in water relations by osmotic adjustment. In cold-
grown winter rape leaves, increased frost tolerance subjected to subfreezing temperature, 
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is related to the decreased water potential of the tissue caused by changes in osmotic 
potential of the cells (Kacperska and Kulesza, 1987). Significant positive correlation 
between Chl and total sugars may indicate role of sugars in the enhancement of in 
photosynthetic carbon metabolism in CA. Further, greater leaf total sugar was associated 
with improved FT in this study (Table 3) may suggest that it is one of the several 
mechanisms of tolerance in M. truncatula. There are ample observations suggesting that 
accumulation of sugars has roles in enzyme cryoprotection, membrane stability and 
osmotic regulation during dehydration during freezing in cold-treated tissues (Xin and 
Browse, 2000; Koster and Lynch, 1992; Carpenter et al., 1986; Lineberger and 
Steponkus, 1980; Steponkus, 1984). 
 Based on our data, we conclude that CA with low positive temperature and 
subzero temperature formation of two distinct levels of sugars that discriminate the levels 
of FT in M. truncatula. Sugars may contribute cryoprotective function as the highest FT 
coincided with the highest concentration of sugars. In addition, increased sugars may aid 
in osmotic regulation and maintenance of normal metabolism as indicated by its positive 
correlation with PWC and chlorophyll content, SLA. Among the sugars, raffinose was 
only present in cold treated tissues and therefore its presence may have some importance 
contributions in improving the freezing tolerance in M. truncatula and the accumulation 
of raffinose, particularly in the stem, may be one of the important traits for freezing 
tolerance in M. truncatula.  However, considering CA is a complex process, it is 
plausible that sugar composition and concentration may not solely contribute to FT 
through their known roles as osmotica and cryoprotection but their interactions with other 
processes of CA may also be involved for FT in M. truncatula.   
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 Table 1. Air temperature (°C day/night), photoperiod (h), photosynthetic photon flux 
(PPF), and growth duration (wk) of M. truncatula genotypes, Jemalong-6 and W6 
5018, at non acclimation (NA; 3 weeks) and cold acclimation (CA1-4 wk; CA2-5 wk; 
CA3-6 wk) growth regimes. CA2 plants were transferred to CA3 regime for a week at 
lower temperature (3.5 /-1°C day/night). 
     
 Growth regimes Temperature Photoperiod PPF Duration 
  [°C (day/night)] (hour) (µmol•m-2•s-1) (week) 
Non-acclimation (NA) 22/18 16 400  3  
Cold-acclimation 1 (CA1) 18/10 16 400  2 
 10/5  16 400  2 
Cold acclimation 2 (CA2) 18/10 16 400 1  
 10/5  16 400 2  
 7/4  16 180 2  
Cold acclimation 3 (CA3) 18/10 16 400 1 
 10/5  16 400 2  
 7/4 16 180 2  
  3.5/-1 16 180 1  
 
93 
 
 
Table 2.  Sugar composition and concentrations in leaf, stem and root tissues of M. 
truncatula. Values are the mean (n=48) across genotypes and growth regimes. nd, Not 
detected. 
 
ZWithin columns, means followed by the same letter are not significantly different 
according to Fisher’s protected LSD (α =0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Trehalose 
 
Glucose 
 
Fructose 
 
Sucrose 
 
Raffinose 
 
Total sugars 
 
    
mg g-1 dry wt. 
   
Leaf  nd 11.3 bZ 10.2 a 27.5 b 0.153 a 49.16 b 
 
Stem  0.033 b 21.6 a 10.5 a 30.07 a 0.156 a 62.21 a 
 
Root  0.048a 2.4 c 1.2 b 28.9 b nd 32.73c 
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Table 3. Pearson correlations for growth traits [number of internodes (#IN), leaf dry 
weight (LDW, g plant-1), shoot dry weight (SDW, g plant-1), root dry weight (RDW, g 
plant-1), root-to-shoot ratio (RS)], chlorophyll content (Chl), percent water content (PWC, 
%), and freezing tolerance (LT50 )] with leaf soluble sugar concentrations of M. 
truncatula grown in nonacclimation (NA) and cold-acclimation (CA) regimes. 
 
 IN Chl LDW SDW RDW SLA RS PWC LT50 
NA          
 Glucose -0.71*** -0.24ns -0.64** -0.59** -0.51* 0.30ns 0.26ns 0.59** 0.02ns 
 Fructose -0.71*** -0.31ns -0.65*** -0.57** -0.48* 0.33ns 0.35ns 0.63** 0.03ns 
 Sucrose -0.12ns -0.50* -0.27ns -0.30ns -0.34ns 0.05ns -0.09ns 0.04ns 0.09ns 
 Total Sugar -0.42* -0.44* -0.50* -0.46* -0.47* 0.11ns 0.21ns 0.31ns -0.15ns 
CA          
 Glucose -0.02ns 0.66*** -0.52** -0.36ns 0.37ns 0.73*** 0.71*** 0.63** -0.82*** 
 Fructose 0.00ns 0.60** -0.46* -0.31ns 0.38ns 0.73*** 0.69*** 0.64*** -0.90*** 
 Sucrose -0.20ns 0.59** -0.48* -0.34ns 0.39* 0.71*** 0.69*** 0.65*** -0.64** 
 Total sugar -0.21ns  0.63*** -0.49* -0.29ns 0.38ns 0.88*** 0.70*** 0.91*** -0.94*** 
          
*Significant at P < 0.05 
** Significant at P < 0.01 
*** Significant at P < 0.001 
ns, not significant 
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Figure 1. Concentrations of leaf glucose (A), fructose (B), sucrose (C), raffinose (D) and 
total sugars (E) in M. truncatula genotypes W6 5018 and Jemalong-6 at non-acclimation 
( NA1, NA2, NA3) and cold-acclimation (CA1, CA2, CA3) regimes. Vertical bars 
represent standard error of the mean (n=4). Growth regimes with the same letter are not 
significantly different according to Fisher’s protected LSD (α =0.05). Asterisks indicate 
significant differences between the genotypes at P <0.01 (*) and <0.001 (**) within a 
growth regime. 
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Figure 2. Concentrations of stem glucose (A), fructose (B), sucrose (C), raffinose (D), 
trehalose (E) and total sugars (F) stem tissues in M. truncatula genotypes W6 5018 and 
Jemalong-6 at non-acclimation ( NA1, NA2, NA3) and cold-acclimation (CA1, CA2, 
CA3) regimes. Vertical bars represent standard error of the mean (n=4). Growth regimes 
with the same letter are not significantly different according to Fisher’s protected LSD (α 
=0.05). Asterisks indicate significant differences between the genotypes at P <0.01 (*) 
and <0.001 (**) within a growth regime.  
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Figure 3. Concentrations of root glucose (A), fructose (B), sucrose (C), trehalose (D) and 
total sugars (E) in M. truncatula genotypes W6 5018 and Jemalong-6 at non-acclimation 
( NA1, NA2, NA3) and cold-acclimation (CA1, CA2, CA3) regimes. Vertical bars 
represent standard error of the mean (n=4). Growth regimes with the same letter are not 
significantly different according to Fisher’s protected LSD (α =0.05). Asterisks indicate 
significant differences between the genotypes at P <0.01 (*) and <0.001 (**) within a 
growth regime.  
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CHAPTER 5. GENERAL CONCLUSIONS 
 We characterize cold acclimation in M. truncatula as a biphasic process based on 
the two distinct levels of freezing tolerance observed with response to temperature 
treatments in this study. This is similar to what has been reported for winter hardy alfalfa. 
The two accessions used had different injury levels after exposure to freezing temperature 
treatments used in the study. Given the differential response of the two genotypes used in 
the study, it may valuable to screen other accessions to determine the overall variation in 
cold tolerance among M. truncatula accessions. 
 The two genotypes, Jemalong-6 and W6 5018, had increased freezing tolerance 
with response to cold-acclimation treatments.  Simulated autumn conditions reduced stem 
length in M. truncatula, the response associated with fall dormancy in alfalfa. Stem 
length and number of leaves per stem were reduced in Jemalong-6 and W6 5018 with the 
start of different acclimation treatments during the first three weeks. These results 
indicate that differences in cold tolerances in the species may be partly relating to 
cultivars differences in their ability to acclimation in cold temperatures. Therefore, M. 
truncatula may possibly be used as a model for understanding genetics of cold tolerance 
in other legume crops. 
 Wide variation in root and shoot dry matter accumulation revealed the presence of 
exploitable yield variation among M. truncatula accessions. The majority of the 
accessions produced higher dry matter in roots and shoots under the simulated autumn 
condition, patterned after 20-years Ames’s Iowa autumn temperature and photoperiod 
than in control. These results indicate that M. truncatula have considerable variation in 
cold tolerance abilities. Based on the growth assessment in autumn condition and genetic 
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difference for biomass yield, some of the accessions have potential to be grown as a 
short-season winter forage crop for fall harvest upon evaluation in the field conditions. In 
general, it appears that stem length can be used as an indicator for selection of high 
yielding accessions, based on positive association of the two traits observed under control 
and modulated fall conditions. Time to first flower, the only trait associated consistently 
with differences among geographical locations, was delayed by simulated autumn 
condition showing a plastic response with temperature treatments and proved a clear 
evidence for adaptation ability of the species to diverse locations.  
 Soluble sugars and total soluble sugars concentrations varied considerably 
between cold-acclimation and nonacclimation regimes and also among the CA regimes 
which may reveal that these physiological traits are indicative of cold tolerance in the 
species. However, further research is required to establish their values as a screening 
procedure for cold acclimation in M. truncatula. The concentration of sugars improved 
the osmotic regulation of leaf tissues and membrane stability as indicated by their 
positive correlation with the percent water content in the leaf and freezing tolerance.  
Among all the soluble sugars, raffinose was found in cold-acclimated tissues while it 
remained undetected in non-acclimated tissues and seems to be the best indicator for cold 
acclimation in M. truncatula. However, we did not see cultivar difference in leaf 
raffinose concentration although it was observed in cold acclimated stem, higher 
concentrations after acclimated at lower temperature. Further studies focused on 
evaluation of differences in raffinose concentrations in a set of genotypes with varying 
cold tolerance after they were exposed to subzero temperature for a longer duration. 
Correlation between the raffinose concentration and cold tolerance of genotypes may 
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elucidate if raffinose can be used as a screening tool for freezing tolerance in M. 
truncatula. 
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